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SUMMARY

A. General

In order to galn more understanding of the effects of crosslinking

; on the mechanical properties of high~T polymers, a fundamental study of

) the role of crosslink density, distribltion of segment lengths between

o crosslinks, and network Imperfections was begun, A dual approach was
selected: (1) the praperation and study of novel model networks based on
i the use of (a) special graft-type polymers (Bamford networks) and (b)

' “Interpenetrating polymer networks (MI{lar-type IPN's), and (2). the
preparation and study of epoxy/dlamine networks. Although *+ 3 mode!
systems are not of Interest per se as materlals, they offel e possibllity
of eas!ly varying network characteristics and, In some cases, morphology.
0f the two models attempted, the Bamford approach proved to be Impractical.
However, the IPN system (based on polystyrene) proved to be factle and
capable of modellng some aspects of the fwo~phase morphology now krown to
exist In many thermosetting high-T_ polymers, The epoxy/dlamine system
was selected because resins of thi€ type are of practical Interest. Though
the epoxy networks are Inhersntly more iimited in controlled network varia-
tlon +han the models, the epoxles also proved to be capable of -demonstrating
the effects of Inferest.

B, Model Networks

Two model networks were Investigated during the course of the present
contract:

(1) The synthes!s of AB cross!inked copolymers (Bamford networks) was
attempted. The basic idea was fo prepare an ldeallzed cross!!nked poly=
styrene that contained two Independent M _'s, and a controllable number of
free chalns and chalns bound to the netwSrk at one end., A now monomer, the
mixed anhydride of trichloroacetic acld and acrylic acld, was requlred.

b e e T B Al R N . S0

(2) Mitlar Interpenetrating polymer networks based on polystyrene/
polystyrene were syntheslzed. The cross|ink level of each network could be

varied Independently, to produce another model thermoset plastic with two
Mc values, ’

Work was discontinued on the synithesis of the Bamford-type networks in
June, 1976, after I+ was shown to be too dlfflcult to purlfy the crude mixed
anhydride required, An alternate mode! system was therefore sought to inves-
tlgate the behavior of Irregulariy-formed polymer networks.

[P JZ S T UL DL P T

The new system selected was a polystyrene/polystyrene Mi|lar
Interpenetrating polymer network. An IPN Is synthes!zed by flrst

|
h! U
|
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polymerizing a crosslinked polymer | network, then swelling In monomer |1
Plus crosslinker and activator, and polymerizing monomer 1| In sltu,

When both polymers are ldentical, the product Is deslgnated a MIT|ar IPN
(named after the researcher who first described these materiats). In the
present study, the crosslinker (divinyl benzene) level of the two networks
was varled Independently, with emphasls on cross|inker levals of 0%,

0.4%, and 4,04, Slingle polystyrene networks were made for comparison.

o The crgen behavlor of the materlals was Investigated In the range of
60°C to 120°C, thus covering the range from glassy behavior through the
glass-rubber transition. Master curves were prepared and the shift factors
compared with each other and with values predicted from the WLF (W11l lams=
Landel-Ferry) equatlon, In each case, the Miilar IPN's were found to creep
In a manner much more tlke the polymer | single network than the single net-
work having the ldentlcal average overall crosslink level,

Swelllng studles on the several Millar IPN's and single networks
were carrled out and analyzad via the Flory=Rehner equation to yleld M.,
the average cross!ink density, In each case again, the swelllng behav?or
was closer to the polymer | behavlor than to the overall-average. The same
was true folr the rubbery=platsav moduius, Er) analyzed vie the theory of

~ rubber elasticity to also yield M.

The Inference was drtiwn that the behavior could be explained by
assuming that network | was more contlnuous In space than netwerk |1,
Whiie this Is well~established for |PN's where the two polymers d!ffer,
this was an unexpected firding here, but a flnding probably relevant to the

‘galation of a thermosetting system. Indeed such & model was proposed

specutatively many years ago by Bebalek.

On another IPN research program, an equatlon had been derived by
Donatel.Il, et al. to determine the phase domaln slize in IPN's as a function
of the welght fraction of each polymer, the crosslink denslty of network I,
and the Interfaclal tension between the two polymers (the latter belng zero
for a Mlllar IPN)., Use of the Donatelll equation led to a prediction of
domaln slzes of 60-100R for polymer Il.

To ver!fy this prediction, special samples of the polystyrune/poly=~
styrene Millar IPN's were prepared, with one component containing a trace
ot Isoprene, which was subsequent!y stalned with osplum tetroxide to develop
stalning sultable for electron mlicroscopy using 300§ thick speclimens. The-
results conflrmed predictions: domalns of si+ghtly less than 1008 were
observed, wlth polymer | tending to be more continuous than polymer |,

The value of the above experiment |les In |+s probable app!ication
to other networks. |t has long been known that certain single networks may
such as epoxles and polye.ters may develop greater or lesser domaln for-
matlon durlng polymerlzation {curing), The systomatic finding of segre-
gation In the above experiment suggests that perhaps In many single networks
also, the eariler polymerized monomer or prepolymer may form a more con-
tinuous structure than the latter polymerized monomer.
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C. Epoxy_ Networks

} Soveral serles of blsphenol-A-based epoxy resins were prepared
using methylene dtantline as curing agent. Essentlally complete curing
was attained, as shown by measurements of dynamic mechanical responsa.
In series A, the average molecular welght between crossiinks, M, was

' varled by altering the stolchlometry, with amine excess varying from =30

L percent to +100 percent., In serles B, M_ was held constant, whlle the

¥ distribution of M_ was varied by bIendInS epoxy prepclymers having ‘ :

i dlfferent mo lecul Er welghts. In serles C, M_ was agaln held constant, i

‘ but the amine content was varled, In serles D, several resins were pre- 5

: pared usling polyamide curing agents. In serfes E, M_was varied at |:l
stolchliometry by use of epoxy prepoiymers having d1$ferent molecular
welghts,

! Characterlzatlon of the following properties (not all resins) was
completed: M_, by swelllng and measurements of rubbery modulus; the state
of cure, by df+ferential scanning catorimetry (DSC} chemical analysis and
dynamic mechanical spectroscopy (DMS); viscoelastic response per se by DMS:
stress=straln and Impact response; creep; fracture toughness and fatlgue
crack propagation (FCP) behavior; end morphclogy, by electron microscopy.

A precise baseline of viscoelastic behavior, stress-strain and
Impact response, fracture toughness, and FCP response has been establlshed
for serles A (varying stolchlometry) and a similar haseline of vlsco-
olastlc behavior for serles E (varying molecular welght of the epoxy).
These basellnes serve as standards against which the gffects of other
network varlations may be compared with confldence.

As expected, an Increase In ‘the degree of cross!inking (or a decrease
In M) causes an Increase In T (T ), T, (the temperature of the major low=
Iylna transl+ion), the breadth%ot%+he @ranslf!ons, +he rubbery modulus,
and the swelllng ratlo, However, absolute values of T, were higher than
expected based on the axperiences of others wlth the same system. |ncreased
crosslinking also caused a decreass In the magnltude of tan 8., near the
| Tgq, the extent of creep, and the slope wi the modulus-temperature curve at
: T2, In most cases, the dependence of viscoelastlc parameters on M. was
i s?mllar for specimens having an excoss or deficit of amine; the un
| exception was the transition slope, which varled differently depending on
whether amine or epoxy was in excess. Creep and T were found to be most
sensltive fo cross!ink denslty. g

g‘ _ One apparently new-quant|fative observation was made: o

A that the dependence of a glven viscoelastic paramster on M_ ls essentlally
) the same whether a glven value of M_ was attained by varylfig the stoichlo=
' metry or by varylng the molecular wglghf of the prenolymer, Thls fact
stould facllitate the comparison of effects of other network varlations,

o, g s Ao S MRS

; Increasing the amine/epoxy (A/E) ratlo Increased the fracture +9ugh-
: ness (K ), the stress Intensity tactor required to drive o crack (AK"), and.
aftor passing through a minlmum, Younq's modulus and the fensite stronnth,
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However, increasing the A/L ratlo decreased the Impact strength and tensite
' toughness, Increas*ng the molecular weight of the epoxy prepolymer also
i Increased K and AK", but dec-eased Impact strength and decreased tens!ie
: strength.

Effects of the distributlon of segment lengths betwesn cross!inks
were negligible not enly In the glassy and rubbery states, as expected,
but also In the glass~to-rubber transition reglon. However, anomalies
were noted in one especlally broad (bimodal) distribution, which showed
deviatlions In most propertles from those for the same average M.

Electron microscopy conflrmed the ex!stence of microgel particles,
even before the gel point, and Indlcated that aggregates were probably
formed, as well as Incluslons of secondary cured material and, In the
case of high=-molecufar=-welight epoxles, shells of highly cross|inked
materlals. Based on these iindings, and on estimates of critical flaw
slzes from fracture and tenslie tests, a tentative model was proposed to
explaln as much of the observed behavior as possible. The continulty
of the phases and the strength of bonding betwesn the aggregates or
microge! particles was emphasized, and a strong analogy noted with respect
to Interpenetrating polymer networks,
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SECTION I
INTRODUCTION

A, Statement of the Problem

Cross|inked polymer networks comprise some of the oldest and most
useful polymers In modern technology. Because of thelr good dimenslonal
stabl|lty, resistance to viscous flow at elevated temperatures, and re=
sistance to water and solvents, resins based on such materlals as epoxies,
phenoll¢cs, polyesters, and amlinoplasts find many applications, for example
as components for mechanical and electrical uses, as composite matrices,
and as protectlve coatings. Simllarly, cured elastomers f11| many common
englneering needs.

Although such crrosslinked or "thermoset" networks can often be
made eas!tly, with relatively Il1tt|e technical expertise, knowledge of
structure~property relationships is In a much less sat|sfactory state than
wlth thermoptastics (1-3),

Reasons include Inherent complex|ty of the chemistry Involved,
sensitivity to processing conditions (often poorly controlied), Intractabi-
Ity and difficulty of characterization, and a frequent lack of attention
because many ordinary service demands‘can be met without sophisticated
technical knowledge. However, as technology moves fowards more and more
demanding Technlcal speclflcatlons, as In the case of aerospace materlals,
and towards more preclse and demandling balances between costs, beneflts,
and materials conservation, much more must be learned about these materlals.
At prasent, the engineer would stlil |ike more information (in comparlson

to other materials) to use as a basls for materlals selectlon or component
deslgn,

Thus, relatively Iittle Is known about such basic parameters as the
degree and distribution of crossiinking* as a function of composition,
morphology and processing conditlons, on +he one hand, and as related to
mechanlcal behavlor such as creep, stress-straln behavior, and fracture,
on the cuther,

B. Objectlve and Scope of the Program

a., QObjectlve:

The princlpat obJective of this program Is to determine the Influsnhce
of crosslinkling and network structure, In particular variatlons in the dls-
tribution of chaln lengths between crossl|links, on the mechanical propertles

It should be noted that varlations In c¢rosslink distribution may occur both
on molecular and mlcroscoplc scales, the former being the subject of this
report, bul also relevant to the latter,




of polymers exhlbiting high glass transition temperatures, Tg's, above the
temperature of use,

b. Scope:

. The scope of the program Includes the study of both mode! and pract!-
cal hlgh-Tg resins, as follows:

(1) Development of syntheses for, and character!zation of, model
crossllnted systems which perm!+ control of the degree and dlstribution of
cross ! Inks,

(2) Synthesls and character!zation of hlgh-Tg epoxy resins having
controlled degrees and distributions of cross|inks.

(3) Characterization of viscoelastic behavior, Including stress-
strain response at high and low rates of loading, and creep or stress re-
lexation to reflect both short=term and iong-term response.

(4) Determination of static and cycllc (fatigue) fracture behavior,

(5) Determination of typlcal morphologles by optical, electron and
scanning electron mlcroscopy,

(6) Corrsiation of fundamental proper*les; especlally composition
and degree and distribution of crosslinking, with engineering behavior
under static and cyclic loading.

C. Oeneral Discussion:

As dliscussed In sectlon A, the Increasing use of crossiinked polymers
for critical and demanding englneering applications requires much better
fundamental knowledge about the molecular networks concerned, and the re-
|lationshlps between the network character!stics, synthesls or processing,
and mechanical and other properties. A major reason for the deflclency In

our knowledge Is the complex!ty and variety of network structures which

may be encountered (1,2). This complex!ty leads to several dlfflculties
In experimental studies of the 1ype concerned In thls discusslion.

First, it Is difficult to characterlze Important characteristics of
crossllink density (or M., the average molecular welght betwean crosslinks),
the distribution In the length of chalns between crosslinks, and -the
amount of materlial not Incorporated In the network. Second, such character=

Istics are sensltive to process varlahles such as stolchlometry, temperature,

and addltives (2,5-26). A thlra probiem Is the tendency for the curing of
many systems such as epoxy resins to be often complex with respect to both
& mittipliclty of simultaneous reactions and to morphology (2,7-9,15,24,26).
From the simplest chemical point of view, an ideal polymeric network may

be concelved of as a three=dimensional system of connected chains forming
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a single macroscopic molecule (Figs. la, 1b), A "single molecule" 15
formed, becausc a Maxwel!'s demon may traverse tho entire system, stepping 4
only upon regular covalent bonds. Clearly, the behavior must depend on the o
tighti ess of the network with such a model; a network such as shown in Flg.
la would exhibit less swelling than the network In Fig. 1b, which has a o
large M_. Even wlth such models for an "ldeal" homogenesous unimolecular o
: network, however, a problem arises, for in many real cases (Figs. 1c, 1d) i
{ the lengths of chalns between crossiinks may vary depending on the struc- . :Fi
ture of the monomers or prepolymers, or on the vagaries of reactlon kinetlcs, L
. Of particular Interest to thls study Is the effect of a distribution in M . C
I (Such a distribution will occur In a homogeneous system; In a heterogeneols '
system, several such distributions may exlst as well as varlations in M ~
Itself In the various phases,) . ¢
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j Furthermore, as shown In Flgs. fe to 1h, a real polymer network is i
i usually quite different from the ldeal In structure. Not only do loops and : ‘
danglIng chaln ends detract from the effectlveness of the structure, but O
| g shorter chalns, elther |inear or branched, may ex|st without dlrect chemlcal B
3 g connection to the network. Also In some cases reactive dlluents such as L
i : styrene oxlde may be added reacting at one end of the melecule and leaving
3 h __ the other dang!ing., Such entitles |argely serve fo dilute The network, and - S
[ i tend to adversely affect physical end mechanlcal properties (1). ‘

il 3 Finally, the topology and morphology of the networks may vary still
i ‘ more from the plcture presented (2), Conslderable evidence suggests that g
i © . at least In some cases compos!tlon may be quite heterogeneous, even fo the 13
i : polnt that distinct phases may coexlst, especially In the nelghborhood of o
! ' Interfaces (1,8,9,13,22-26), Indeed, In such casos another model might ba 7
- : an Inverted version of, for example, Flg. 1g, with highly branched or cross- '
| | Inked domalns embedded In a lower molecular waight matrix; Fig. th Il lus= B
trates such a domaln model, as well as the general case of compos!tional L
j heterogenelty (notlng that phase boundarles need not be sharp). Varlations '
may also exIst |t one of the multlfunctional reactants has itself a dis- 2
tribution of molecular welght betwoen |+s functional groups (Fig. 1) such &
variations are characteristic of epoxy resins. i

2o

Typlcal methods for study of networks have been directed prmar|ly
at determining an average valuve for M., and have been malnly based on
stolchlometric predictions, swe!llng, elastic modul |, creep, mechantcal
damping, and glass transition behavior (1,2; see also saction B.b), Thus,
classlcal theorles developed-by Flory (27, chapter iX) and others (1,2) - B!
have setved to predict gelation and crosslinking In a statlstlcal way, - -
albalt to an approximetion which may or may not be a good one (2). In the |
case of vulcanlzed rubbers, which exhibit high values of M. (say, 5000),
much understanding of elastomerlc networks has already beon achleved.
Whlle our krowledge remains Incomplete, the flisory of rubber olasticlty
(1, chapter XI), the Flory=Rehner swelllng theory (1, chapter IX}, and the s
; theory of vlscoelasticlty (28) provide guldeposts for determining not onty f
v chemlcal properties such as crosslink denslty, but also a practical basls
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Flgure I, Schema showing typlcal varlations In nature and composition
of crouslinked polymer networks (after raeference 2),
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for estimating modulus, creep, strass-~straln behavior and fracture (29-
56). Treatment of the distributlon of crosslinks has often been cons!dered
as one of the unsolved problems of polymer science (37), Although It has
been predicted on theoretical grounds that the rubbery moduius should be
Independant of the dlstribution of M_ (38), experimental tests such as

those based on tagging crosstinks wi$h heavy metal atoms (39, 40) have no*t
been used to conflrm the prediction,

At room temperature, all such elastomers, of course, are above
thelr glass transltion temperature, T,. |f the crosslinked polymer Is
below its glass transition femperafurg, 115 moiecular chalns are in-
capable of long range coordinated motlon, and the material becomes stlff
and glassy, Such "thermoset" resins are typlfled by a variety of
commerclal materlc!s, including phencltormaldehyde resins, melamine reslins,
crosslInked polyesters, and epoxy resins. Unfortunately, with meterlals
of this +ype, which exhlblt high degrees of crossiinking and great
chemlcal complexity (M. << 5,000, ~300 for some common epoxles), equations
useful for elastomers ?end to fall and require empirical modificatlion (2},
and In addltlon many characterization parameters In the glassy state are
In sens!tive to the nature of the crosslinking, Moreover, as pointed out
cogently by Nielsen (1,2), there Is surprisingly 1l1ttle fundamental study
of mechanical behavior using materlals characterized to the |imlts of
the state-of=the-art. To be sure, there are exceptlons, for example,
recent studlaes of epoxy behavior by a number of authors (6, 7, 14-19, 46, 47)
but studles correlating tundamental and englnecelng behavior are not as
common as might be supposed. In any case, model systems based on anionle
polymer|zation (41) or on Millar=type IPN's (42-45) should provide valld
approaches to the question of how distribution In M, affects behavlor in
the glassy state and glass~rubber transition region.

Another di#flculty with gelling or thermosetting systems s that,
as pointed out long ago by Nielsen (8) and others (2), and more racently
by Clilham (5), tho tempsrature of cure plays a role far beyond that of
simply aitering reactlon rates In a chemical sense. As curing proceeds
at a glven nominal temperature, the network develops and Its T In=
croases. However, whan the T of the network reaches amblent gempera+ure
(whlch may exceed the nominal temperature due to adlabatic self=heating),
the rate of further crossiinking Is drastically reduced due to slowing
of reactant diffuslon by the stiffening of the network, Thus, If the
specimen (s heated fo above lts curing temperature, as might wel! be tho
case In a modul us~temperature study, additlunal curling may occur during
the test Itself, Information about the network deduced from such tests
Is relevant only lu the material subjected to the additional tharmal
hlstory of the test, not to the original speciman as cured. Clearly, tho
curlng temperature must be higher than the meximum test temperature 1f one
ls to achleve a network which will be stable durlag resting.

In summary, because of the Importance of thermoset resins to
prosent and future technology, we need much bottor exporimental and
theoretlcal understanding of the relatlonships between processing, tha
network formed, and [ts behavior, At present, detalled empirical or semi-

emplrical studles are relatively few In numher, especlally with respect to
fracture behavior,
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SECTION 11
TECHNICAL APPROACH

From the standpoint ot relevance fo the englneering applications, an
epoxy resin system would be of considerable Interest. Although the chemistry
Is complex, the systems are eas!ly adaptable to specimen preparation, and an
Increasing number of quantitative studles relating at least average or reia-
tlve network properties such as M_ to stolchlometry and curing conditions
have appeared (523, 46-50), In Several studles by others and this group
(7, 49, 50), 1+ has been posslble to desmonstrate that full curing can be
effectively obtalned using certaln cure histories. Also, at least some
qualItative evidence was avallable relating viscoelast!c parameters such as
damping to the bremdth of the presumed dlstribution of cross|inks (2), and
some evidence was avallable on stress=straln behavior (7, 46), fracture (32,
33), and Impact strength (46), the latter as a functlon of M_, Disadvan-
tages Include dl#flculty In preclsely controlllng the dlstriBution and
nature of crosslinks (due to the fact that commerclal resins usually exhlblt
a distribution of molecular welght) and In dlrectly measuring the crosslink
distribution, Nevertheless, It seumed reasonable fo conclude that a
thorough character!zation of viscoelastic behavior In blands of apoxy resin
should enable correlation of the distribution ot M_ and other network
variables with ultimate behavior under static and Sycllc loading. Existing
studles were of Insufficient scope to permi+ such a corrslation.

To complement this study, and In a sense to calibrate I+, It seemed
deslrable to also study a stil| more definable model system. For this pure
pose, a novel network system developed by Bamford and others was flirst
selected (for a review, see reference 4), Thls system had several advantages
but could not, In fact, be adapted to serve this program within the *ime
avallable (51), Because of these difficultles, ancthur model system was
selected based on M!llar-type (42-45) Interpenetrating networks (IPN's), To
prepare ‘these, crosslinked polystyrane (Mc=a) Is swollen with a styrene/
cross|inking=agbnt mlixture (to yleld Mc=b), and the monomer polymer|zed
(Fig. 2). Thus, for & glven average M., the dlstribution can be varled widely
1 by varying a and b. (n addition, [+ was thought that, by analougy wlth other
: [PN's (52), the behavior ot the model might reflect tha nature of the network
: morphology, which In furn might be oxpected to reflec! the sequential nature
o of the network formetlon, Flnally, the synthetic technlques are readlly
adaptable to makling laboratory -specimens for mechenical studles. -

| ' in short, two complementary candldate systoms were selected: oné-a

. * potentlally good, though not perfect, approximation to an ldeal network model
) but of academlc Interest as a material, and the other a less good approxima=-
y tlon to an ldeal model, but a system with existing englineering application,

' Thus, the two approaches should be considered as a dual model system: a
primary, welledeflnable motel coupled with a model which 1s less eas!ly
defined, but of greatar technlca! Interest psr se., The primary model should
sarve ‘to llluninate and callbrate the secondary model, the epoxy system; tho
two should be consldered together.

Spoclflc discusslons of each system follow In soctlons L ard 1V,
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SECTION TII1
SYNTHESIS OF MODEL NETWORKS

A. Introduction

The principal alm of this research |s to show how the mechanlical
behavior of glassy networks depend upon the distributlion of M. values
and how free or dangling chalns altcr behavior., Polystyrens, with a
glass “trans!tlon temperature, T, of +i00°C was selected as the model
network, because |ts glass *empgrafure |5 above room temperature, and lIts
geheral physical behavior is wall known.

The objective, then, was to prepare notworks with two distributions
of M. through the use of the Mlllar synthests (42-45),

a, Mlllar |PN's:

As mentlconed prevlously) thls class of IPN's Is a speclal case In
which each network 1s the same chemically, The followlny steps are In=
volved:

(1) preparation of polymer | network (In this case polystyrene
cross| Inked with dlvinylbenzene, DVB), '

(2) swellling of a styrens/DVB/monomer=11 mixture intc polymer |, znd

(3) polymerlization of the imblbed monomer |l 1o glve polymer I,

Thus the network of polymer |l |s syntheslzed within the existing
netwark of polymer |. The crosslink denslity of each network can be varled
eas!ly by varying the concentration of DVB, thus making I+ possible fo
synthesize a wide varlety of cross|ink dlstributions,

B, Exporlmental Detalls, Results, and Dlscussion

a, Synthesis:

Millar IPN's in which fthe two interpenetrating networks are both
cross|inked polystyrene (PS) were syntheslzed along with single PS natworks
and | inear PS as controls., All single networks and polymer | networks
were syntheslzed by thermal polymer!lzatlon using dilauroyl peroxide as
the free~radical Inltiator at 60°C. The Initlator concentration was 0.4%
by welght based on monomer volume. Blvinylbenzene (DVR) (which s an
tsomerlc mixture contalning %% p-0VB) was used as the cross|Inklng agent.

Monomer mixtures were propolymerized In an oven at 60°C for varlous
langths of tIme (depending upon the DVB concentration) untll a signlflicant
Increase In viscosity was noted (corresponding to ebout 10§ converslon).
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By prepolymorization, shrinkage was minimized, and o smoolher and more
uniform product was produced. Tho propolymer Syrup was transterred fo a
mold formed by a gasket of ehylenc=propylene rubber between two glasy

i plates held togather by clamps (10mm x 15mm x 2mm). Polynerlzation was

ﬁ i contlnued in the oven for 3 or 4 days, at wglch time the polymer sheets
% ; were removed and heated for 24 hours at 110°C in a vacuum oven to romove
g ; any unreacted monomer. Weight losses were usually about one percont, and

: never more than two percent, Indlcating thet polymerizatlon was essentlal |y
L complete.

¢ To make the Mit{lar IPN, additional monomar together with cross=-

- | inker, and Initlator (monomer mixture |I) was introduced by swallling the

: polymer | network so that |t contalned the des!red amount ot monomer

: . mixture ||, Specimens were then allowed to equliibrate overnight so that

3 ' diffuslon of the monomer mixture would occur and distribute monomer ||

q : ' unlformly throughout polymer |. The polymer || notwork was made' by

; : elther photopolymer|zation using 0.4% benzoln as Initlator or by thermal

X : polymerlzation using 0,4% dllauroy! peroxide. In the earller experiments,
photopolymerization at room temperature was employed using UV [ight to
activate the benzoin Inltlator, To show that the mode of polymer!zatlion
of polymer |i does not affect the properties of Mitiar IPN's, thermal

: polymerlzation of polymer || was also carried out. Creep and swellling

: oxper Iments conflrmed that there are essentially no physical dlfferences

: between the Miilar IPN's polymerlzed thermally and those polymer|zed
photochemically, Polymer || was enclosed betweon glass plates and a
gasket and polymerized for 3 to 4 days, removed from the mold, and heated
under vacuum at+ 110°C for 24 hours to remove unreacted monomar. Polymer-
|zatlon was virtually complete, as Indlcated by the occurrence of onty
small welght losses (one or two percent).
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b. Speclflc Compositions:

Ml lar IPN's were synthesized In which polymer | contalned 0.4%

p DVB and polymer || contalned 4% DVB in the following welght proportions:
; 15/25, 50/50, and 25/75. Polymer | was therma!ly polymerized and polymer
: Il was photopolymerized, A single PS natwork contalning 2,28 DVB was
syntheslzed to use as a comparison for the 50/50 Mlilar IPN, Hencae, the
50/50 IPN and the 2.2% DVB notwork both contaln the satms average amount
ot crosslinking agent,

Thus, several IPN's were also syrtheslzed uslng a polymer | con-
talning 0.4% DVB, and 4% DVB In polymer 11. Another set of Millar IPN's .
: with polymer | contalnling 0.4% DV and polymer |1 contalning 4% DVB 4
?l contalning 1% lIsoprone (for slectron microscopy) were synthesized by
;, thermal |y polymerizing both notworks. j
’ i
| i

For experliments wlth preswel(lng, polymer | was polymerlzad at 60°C )
‘ In tho presence of Y0% by volume of toluene. Whoen 0.4% DVD was used, no ‘
; gelatlon occurred, presumably due to a reduction of the Tromsdorff offect.
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Preswollen notworks contalnling 4% DVB and 50% by volume of toluene, however,
were synthesized. One such sample was completely deswollon (50%). A
preswollen network contalning 4% DVB was partially deswollen and the romain-
Ing ‘foluene exchanged In monomer mixture || contalning 0.4% DVB fo make a
50/50 Millar IPN.

Attempts to make Inverse Millar IPN's where polymer | contains 4% DVB
were unsuccessful. Varlous approaches were used, A 4% DVB network sample
Is too highly crosslinked to imbibe more than about 20% monomer solution at
room temperature vithout breaking up. In order to swall the 4% DVB network,
specimens were heated to above thelr Tq and Immersed In lot tolusne. Then
the cooled, swollen samples were placeg In monomer solutions to allow |liquld
exchange to occur. Upon completion of polymerization, samples were removec
and found to have broken up Into small pleces, The welght percent of polymer
Il contalning 0,4% DVB In these specimens was 50% and less., Another approach
Involved swelling 4% DVB network specimens at room temperature wlth monomer
solutlon for short perlods of +ime so as to add 10-25% monomer ||, Even at
this ratio of polymer | fo polymer |I, the Mitlar IPN usually broke up upon
polymerizing, Only a few specimens contalning a very small amount of polymer
|1 (10% or less) survived the polymerization of polymer || without breuklng
up, and even these were of inferlor quallty being very soft after polymerizing
for up to 7 deys. When a 2,2% DVB network was swollen with 50% of a 2.29 DVB
monomer solution, It too broke up upon polyier!zation.

¢. Concluslons

The synthes!s of the MIilar=type IPN's In which the first polymer syn=-
thesized Is the less crosslinked one proceeded smuothly by elther photo=-
chemlcal or thermal technlques, ylelding cest specimens ready for mechanical
characterizations. In fact, the technlque Is one of the most faclle possible
and presents no problems of any kind, On the other hand, the technlque !5 not
yet adaptable to making the reverse type, In which the first-formed polymer |s
the more highly crosslinkea one, .
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SECTION 1v
PROPERTIES OF MODEL NETWORKS

A, Introduction

The physlcal and mechanical behavlor of polymer networks depends
upoh the crosslink density, +he distribution of molecular welghts of
¢chaln segments between crosslinks, M_, the number of free or dangling
chalns, and the temperature, Three general temperature regions have
baen ldent!fled: (I) above the glass= ubber transition reglion, where the
material behaves |ike an elastomer, (2) wlthin the glass-rubber transi- .
tlon reglon, where the material |t viscoelastic, and (3) bslow the glass« ;
rubber trans!tion region, where more or less glassy behavior predominates. '
The experiments perforted under thls contract are primarlly directad :
towards region (3), with some effort placed In reglon (2) to show the
changes In behavior +hat may be expected as the polymer chains galn
mobil1ty. Regton (1) Is of Interast only in the analytical determina-
tlon of crosslink density (uee section a, below),

Propertles of purtlcular Interest Include cresp or stress
relaxation {to deturmine long=-term behavior), stress=strain response,
and fracture characteristics. Progress to date is discussed below,

B. Exper,mental Detalls, ReslesL and Discussion

a. Experimental Methods ‘ -

Mc: While absclute values of cross!linking cannot generally be
obtalned with densely crosslinked systems such as epoxy resins (2),
approximate values In more "open" systems can be estimated in several
ways, tha most common baling by swelling and by measurement of the cresp
compl lance In tho rubbery state.

NESEL

whare vy represents the volume fraction of polymer In the sample at
equilibrium, Vo, Is the solvent molar volume, of density p (1.08a/cm3)
and y,., the polymer-solvent interaction parameter was taken as 0,44,

on eaéﬁ case volumes weore assumed to be addltive., The soluble fraction
was small 1n each case, ranging “rom 3% (4% DVE) fo %% (0.4% DVB) to
S8-5% CIPNs),

|
! B M_ oV, (v, P = v y2) - o
5

Thas values of M, the average molecular welght between crosslink j

sites, were obtalned byCswslling samales in toluene and using the Flory- d

Rehner aguatlon (27, 53): %
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In additlon, values of M. were estimated from the equlllbrium shear
modulus, G (o) or 1/J (=), where J (=) Is the indicated |imiting value of
J (1), by means of the theory (24) of rubber etasticity, to give M,

(174 (=)

MC (G (w)) & Mc (174 (=)) = pRT J(») (2)

where p Is the denglty, R the gas constant, and T the absolute temperature
(In thls case, 120°C). Finally, the theoretical value of MC was calculated
from the molar ratlo of DVB fo styrene.

Creep: Studies of creep &s a functlon of time and temperature were
carried out using a Gehman Torslonal Stiffness Tester (54), Creep experi-
ments covereg the entire range of viscoelastic behavlor from the glassy
reglon at 60°C to the rubbery reglon at 120°C. Compllance readings were
taken at varlous Intervals In time from 10 seconds to 1000 seconds. The
shear creep compllance, J(t), was calcuiated from the angle of twlst of
the specimen Induced by *he toirsion wire as Indlcated by +he apparatus.

Mester curves wers cbtalned by shifting data obtalned at varfous
temperatures with respect to a retference temperature (28), assuming that
al! relexat!/on mechanlsms had the same temperature dependence. This assump-
tlon was probably just!fled because the materials under |nvestigation
differed only In the amount of crossl|inker present in the Individual net-
works. Theoretica! shift facts were also calculated from the W!Iiliams=-
Landel=Ferry (WLF) equation
17.,44(T=T )
log ap = =il (3)
51.6 +(T-Tq)

whero temperatures are In °K,

Eacg curve of reduced compllance was shlited with respect to the curve at
100°C (the raference temperature which Is also the glass transition tempera- k
ture) until all fit together to form a smoo'th master curve. Master curves i
for varlous materlals could then eas!ly be compared.

Electrun Microscopy: Specimens (2mm x 2mm x 20mm) were cut from the §
IPNs and one end of each sample was trimmed 4o a trunhcated pyramld wlth P
sldes approximately 0.1mm In size. The specimens were exposed to osmlum
tetroxide vapor for about two weeks In order to selectively-stain the
Isoprene~mer portion of the PS polymer |l phase, A Porter-Blum MT-2 k
ultramicrotome equipped with & dlamond knife was used *o obtaln ultrathin i
sectlons about 300A thick., Transmlission electron micrographs were taken '
by direct observation with a Phillips 300 transmission electron mlcroscope.
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Results of the various measuremerts are summarizod below.

I+ Crosslink Denslity

In Table |, results of the two methods used are compared wlth the
theoretical values for M_* calculated from *he stoichiometry. Note that
a finlte value of MC ls Sbtalned for |lnear PS dus to the exlstence of
elast!ically effectiVe pliyslcal entanglemants In the rubbery plateau reglon.
Thus In general, M (1/J(=)) tends to be smaller than M, (theor,) due fo the
contribution of thf entahglements to the effective cross)ink density,
From Table |, I+ may be seen that the M_ (1/J(=)) valuss for the 50/50 Mll|ar
IPNs are slgnificantly larger than expelted when compared 1o tha M (1/Ji=))
tor the 2.2% DVB single network, Generally, M _(E) values for the fil1lar
IPNs 11e-somehwere in betwean the ‘axperimental®values for a 0.4% DVB
network and that for a 2,2% DVB network. |t geems that the flrut net-
work formed dom!nates the crosslink density of the [|PN,

A

Swelling data also support the ldea of greater contrivufion of the .

0.4% DVB Polymer | network, although not as drametically as do the M (1/4(=))

values, M _ values calculated from the welght galn af speclmens afte
aftalning Squ'librium swelllng In toluene fend to be higher than expected
based on overal| DVB content (that !s, they 1eind to swell more than =
expected). The swelling of pclymer networks In & good solvent at room
temperature for the time needed to attaln equlllbrium swelllng allows

all reglons of varlous crosslink densities to swell to thoe maximum

degres. Therefore, In the Miliar IPNs, the M_ (weight galn) .values
measured by swelling tests may not reflect +h§ greater contribution of
Polymer | domatns to the same extent as do the M, (1/J(®)) values (see
below),

Table |, Values of Mca for Millar IPNs and Controls

Swelling Data M (17J(=)) M
Specimen Mc - C
(Welght Galn) at 120°C (Theory)
Control
Lingar PS w 1.0 x ot ®
0.4% DVB 3,0 x 0% 6.9 x 103 2.9 x 104
2.2% pvi 6.5 x 103 2,35 x 103 5.4 x 103
4% VB 3.0 x 103 2,0 x 103 2,9 x 193
Ml lar IPNs
T0.474% DVB)
15725 [.7 x loY 4,9 x 103 9, x 103
50/50 8.6 x 103 4,4 x 103 5.4 x 10°
25775 5.0 x 103 4,7 x 103 3.8 x 103
55/45 7.1 x 103 4,5 x 103 5.6 x 10%
25/75 3,5 x |03 4.0 x 103 3,8 x 103
¥t should be remembered That MC Is Inversely proportional to crosslink
density,
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2. Creep Behavior

Typical creep data are shown In Flgure 3. The shift factors, a-,
were calculated and compared graphically to those obtalned from the T
WLF equation (eq. 1) In Flgure 4, As can be seen from the plot, agreement
with the WLg shlft factors Is quite good In the reglon near and Just above
the Tg, 100°C. According to_emplrical evidence, the WLF equation Is only
valld between Tg and T4 +100°C for ilnear polymers and may not necessarlly
hold for crussl?nked pglymers. Flgure 5 shows the master curves that
resulted from creep experiments performed on the Mlilar IPNs., All three
polymers crrep more than the 2.2% DVB single network and have rubbery
plateau reglons lower than *hose found for the single network. Dlfferences
among the three Millar IPNs are not as great; the 50/50 and 25/75 systems
belng very similar and creeplng somewhat |ess than the 75/25 specimen, Two
IPNs In the welght ratlos of 25/75 and 55/45 end thelr master curves are
presented In Flgure 6 along with the master curves for 0.4% DVB and 2.2%
OVB networks. The creep behavior of the 55/45 Millar IPN 1s very simllar
to that of the 0.4% DVB network and It creeps slignlficantly faster than the
2.2% DVB network. Only In the rubbery plateau reglon does I+ have a lower
compliance than the 0.4% DVB network. The 25/75 master curve Is very siml=
lar In shape to tho 2.2% DVB cirve up until the rubbery reglon Is reached.
Although 11 has the hlghest DVB content of all 4 specimens (3.1% DVB), I+ts

vru$berz plateau [laes between that for the 0.4% DVB network and the 2,2% DVB
hetwork.

The data presented In Figures 5 and 6 support the notion that
more contlnuous Polymer | domains and |ess continuous* Polymer || domalins
exlst In +he Miilar IPNs. A more contlinuous Polymer | would be Tonsls-
tent with tho creep data showlng more creep In the 50/50 M!liar IPN than
In 115 corresponding squivalent 2.2% DVB single network., We also see
that the 55/45 IPN creeps In a manner mu~h closer to that of the 0.4%
DVB network than the 2.2% DVB network. Thus, Polymer | dominates +the
croep behavior and rubbery compllances of the MIflar IPNs,

Addl*lonpl Millar |PNs were syntheslized with Polymer | contalining
0.49 DVB, Master curves for Millar IPNs contalning 0,4% DVB in Polymers |
-are presented In Flgure 7. These were made to Investigate the Influence
of stretching the Polymer | network on the creep bahavior while maintalin-
iny the same overall DVB concentration. The creep response {s almost
Identlcal to that of the 0.4% DVB single natwork, Only in the rubbery
reglon do dl tterences occur; ‘the Millar PN has a somewhat- lower rubbery
ptateall than expected. A 55/45 Simi<1*¥ Ml|lar IPN wlth Polymer | con-
talning 0.4% DVB and Polymer || contalnlng Ilnear PS craeps In a manner
in between that of the {lnear PS and the 0.4% DVB network. Apparently,
in thls case, the |lInear polymer and the 0.4% DVB network control the
cresp to the same extent., The Polymer | domaln may not be as continuous
In the 3emi=1 IPN,

¥The "more contlnuous" referring to the dominant matrix,
**A Somi=1 IPN 1 one In which Polymér |1 1s not crosslinked, but Folymer | Is,
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in order to further investigate the eflfect of preswelllng In the
creep behavior, It was declded to preswell Polymer | by forming the net-
work In the presence of a dlluent (toluene). The toluene could then bo
axchanged directly for monomer mix 2 so that Polymer | remains In a
highly relaxed state. The propertles of preswollen polymer networks have
been previously studled by Shen and Tobolsky (55, 56), They studled the
effects of diluents on the rubber elasticlty of both fightly and highly
cross!inked preswollen polymer networks and the corresponding deswollen
networks., Creep response (Figure 8) for the deswollen 4% DVB network was
faster than for a 4% OVB network, but the rubbery compllance was only
slightly Increased. Creep response for the 50/50 Millar IPN was even
greater and the rubbery compilance was slgnlficantiy above that for the
2,2% DVB network. Shen and Tobolsky (55, 56) postulated that when polymer=
fzation occurs In the presence of dlluent, effect!ve Intermolecular chemical
cross|Inks may be decreased by the formation of Intramolecular loops. Also,
network interpenetration and trapped chaln entanglements become less slgni=-
tlcant at hlgher dlluent concentrations, These phenomena would explaln why
the preswollen specimens crept more rapldly and had higher rubbery com-
pllances than the corresponding single networks. Another factor to consider
In the deswollen 4% DVB network !s that +he network may have collapsed upon
Itselt, and dlstances between cross|Ink polnts have besn reduced by a factor
3/2. The faster creep of the deswollen meterial may be In parf a response

to the Internal stresses which developed In golng fron the relaxed, preswollen

state to the deswollen state.

As mentloned above, the study of Millar IPNs was undertaken
origlnally as a mode! system for non=unlform plastic networks, Creep
date and to a lesser extent swelling data obtalned so far are conslstent
with the occurrence of segregation: the first polymerized network
appears to exhlblt greater continulty than the second polymer|zed
network. Reflectlon suggests that thls might be arising because of
random fluctuations In the crosslinking of Polymer |. Monomer 2 would
tend to he located in the small reglens of space with accldentally
lowar degrees of crossllinking, because the elastic compressive pressure
would be lower. The greater thls segregation effect Is, the more conirol

Polymer | will exert on viscoelastic creep response and swelling
behavior.

3, Morphology

Creep axperiments proved to be very Inferssting, but direct
observation on the molecular level was needed fo lend support to the
abova-stated notlon of a more contlnuous Polymer |. |In order to elucldate
tha MIllar IPN morphology, a small amount of isoprene (about one percent)
was Incorporated In Polymer |1 for Mlllar IPNs In which Polymer |
contained 0.4% DVB and Polymer Il contained 4% DVB (isoprere fends to
torm a random copolymer with styrene},

2%

cxiank VUM, g 52 0L ek AN S A AR 1Y I I AL A e Uite s e e s e

5 i A R S e SRR

2 kil sl g




B

FRoTEE TR

TRITITE L T

g;zz:;;::._-.n_.

I+ was declded to flrst predict the domaln slzes of the less con-
t+inuous phase using an oquatlon developed by Donatelll et al. (57) and
given In Appendix A, For the case of polystyrene Millar IPNs, the Inter-

facial energy, y, between Polymers | and (| Is expected to be zero. The
Donatel || equation thus reduces to:
C2K2(1=W,,)
D2 = 2 (4)
2 )

vi

For a 50/50 polystyrene Mi{lar IPN with 0.4% DVB In Polymer | and 4% DVB
in Polymer 11, we have:

-]
K= 0,77 [from the Polymer Handbook (58)]

W, = 0.5

2
2

v2 = 3,36 x 1077

moles/g
°
DZ e +85A, or zero*

-} -]
For 25/75 and 75/25 M!|lar IPNs, we obtaln D, values of 60A and 100A,
respectively., These predlctions were then +as+ed with a Mlilar IPN
contalning 25% Polymer | with 0.4% DVB and 75% Polymer |1 with 4% DVB
and |¥ Isoprene. Electron microscopy revealed a flne structure with
phase domaln diameters for Polymer |l of from 50 to (00A (Figure 9},

This agress very well Indeed with the predictlon of 60 using the
Donatel !l equation Polymer |l. In additlon, although Polymer | Is the
miaor component (25%) i+ appears to be the more continuous one., Hence,
I+ |s apparent that even when an IPN ls syntheslzed with chemically
ldent!cal components which should be completely compatibla on a molecular
level, a dlscontinuous Polymer || fine structure is detectable. Thus,
the electron mleroscopy conflirms the deduction (from creep behavior) that
Polymar || within the more continuous Polymer 1.

Previous work by Huelck, Thomas, and Speriing (52) showed that
the network syntheslzed i1rst controls the morphology of the IPNs
and Is an electron micrograph of an IPN containing 72.2% poly(ethyl
acrylate) with 1% butadiene as Polymer | and 27.8% poly (methyl
methacrylate) as Polymer 11, Poly(ethyl acrylate) and poly{methyl
methacrylate) are lsomeric, each having the same molecular welght and
vary simllar structures, The Interfaclal onergy, y, should he ciose
to zero. As bofore, the mlcrograph (Flgure 10) shows a flne structure
with & more con*inuous Polymer | phase and a dlspersed Polymer [! phase
with domalns less than 100§ Inh slze. The morphology seen here |s simllar
‘o that found In the 25/75 Millar IPN,

An Interesting questlon arlses. Do these polymars represent the
ultimate In compatibility of an IPN on a molecular level? Bocause both

¥Zoro |s obtalned from the third root In the cublc equation whon y=0
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polymer networks are chemically ldentical in a Millar PN (excluding
varigtions in cross)inker 'evel and additlon of small amnunts of
Isoprena), it is believed That these micrographs indicate the most
compatibie IPN possible, Tho Donatelll equation suggests that the
Polymer || domalns arise due to the physical restraints and the acciden-
tal Inhomogenelties of polymer network I.

Conslderation of the molecular processes which can lead to a
greater and {esser phase continulty In Miilar IPNs sugqosfs that random
cross|ink variations in network | are Important,

4, Relevance To Other Systems

There is a striking analogy betwean the Millar IPNs and the
multi=phase aspect of crosslinked resins such as spoxies (2, 9, is,
15, 22=26) In which heterogensities with slzas the order of ~I00A have
been observed. The question of network dominance must also play a role
in, for example, epoxles, for at gelation, a continuous network Is
tormed within which subsequent curlng takes place.

5. Conclusions

Let us begin by reviewing the evidence. Crenp master curvus for
polystyrene/polystyrene Mlltar IPN's in the glassy and glass-rubber
transition ranges indlcated that ‘the bshavior was closer to that of
polymer | than the overa!l composition would otherwlse suggest.. When
compare wlth the creep behavior of single networks of (a) polymer |
compnsition, (b) the statlsiical average of *he two networks, and (¢)
polymer || composition, the creep master curve of the wlllar IPN always

fe1l betwoen (a) and (b). The fact that network 1 dominzted the machanlcal

creep behavior could be uxplalned by assuming that polymer network 1
tended to be mors contlnuous In space than network 2. Previous work with
IPN's of two dl‘tbrent polymers has clearly establlshed The greater
continulty ot retwork 1, but there was no a prlor reason far assuming
that the same wns true for the MIllar IPN case.

Bofore proceeding, two difficultles In the obtalning »f The data
require discus<lon., First, all of the data presented had the lower
cross! Inked network (C.4% DVB) as polymer |, and the higher arossiinked
network (4,00 DVB) as polymer 11, ALl ettempts to synthenlize The reverse
Milla:s IPN with the 4,0% DVB network as polymer | falled. The reasons
were The |imited swallability of densly crosslinked networks, and thelr
mechanical Instabll!ty In the face of swaliing pressures. Swelling
network 1 In the precence ot toluene, exchanglng “he Toluene for styrene=
VG comblnations, followed by polymerization yielced a tar df fferent
product, probably due to the Increased level of !Intra molecular cross-

i Inking when the polymer molecules were art lfx(lully soparated,



The second problem relates fo the vartation In the data between
ore master curve and another, both of nominally tdentical materials,
with the creep data belng taken as identlcally as possible. An estimate
from the dupllcates obtalned (deta not shown), indicates & standard
devlation of about a half un order of magnitude on the time scale.

SInce the fotal varlation ot all of the data was about two orders of
magnl+ude on the time scale, serfous attentlon must be glven to the
posslbllity of the accidental nature of the data., Flirst of all, the
25/75, 50/50, and 75/25 data each fell In the order expected, and all of
them crept faster than the 2.2% DVB single network., molymerization via
Us V. 1lght and through thermal chemistry ylelded products that were
substantially Identical. The data were further supported by swelling
studles and modulus In the rubbery range. Both of these experiments
Indicated that rthe Millar IPN behavior tended to be dominated by the
crosslink level of natwork !, ~

With the above experiments In hand, the Donatelll equation was
applled, in an effort tp estimate the domain sizes of network 2.
Values of about 60~100 R were calculated, depending on overal| compasitlon,

Actual transmlssion electron micrographs ot osmium tetroxide |
stalned samples substantiated the above presumptions: polymer network 2
app§ars to be less continuous, with phase domalns somewhat smaller than
100A, The experiment had same problems, however. For most was that
ultranicrotome sections of undgr 300A were reéquired, to detect and
study domalns of less than 100A. (Standard cutting thicknesses are
rarely less than 600K,)} Also, to be sure that the phase domalns-were
not caused by the dlfferent composition of polymer |1 the {soprens level
was held to 1%, resulting In very |ight staining.

Overall, however, all of the evidence to date supports the notlon
that the first formed network In a Millar IPN tends to be more cont!nuous
than network 2, This flnding has enormous Inpllcations for the synthesls
of many types of thermoset plastics, whlch may behave In a ¢imilar
mannar, For axample, do the first portlons of material reaching the
gelatlon stage malntaln greater continulty than *hat which accidentally
is poilymerlzed later In time?

26




SECTION V

SYNTHESIS OF EPOXY NETWORKS

A number of epoxy systems have been Intenslvely studled vver the
jast few years (5-26,46-48), most based on blsphenol~A derlivatives,
Variatlions have Included the nature of the epoxy resin or curing agent
(10,11), the length between functional groups, which wlli help define M,
(11), temperature (5), and lhe Introduction of reactive dlluents, which
may dllute the network and also alter the state of cure (7). Both amlines
and polyamides have been used; In the latter case (49,50), the M, can be
varied by changing the amlde equlvalent content,

For this study, one system consldered for selection was the epoxy= 1
amine~dituent system used by Whiting and Kline (7); (Epon 828-dliathylene- Cg
triamine-styrene oxide). The system has been characterizad thorcughly ;o
In terms of % reaction cf the epoxy, groups, and concentrations of hoth C
~0H and =CH,=0- groups followed as a function of amine and dlluent >
(styrenc oxfde) contents. A wlde varlety of degrees of cure are sbtain-
able, and also varlations In M_ as a functlon of stolchlometry, Moreover,
values of yleld strength, ultlimate tens!le strengths and fracture energy
have been obtalned and related fo process parameters. A simllar system
(Epon 828/muthylene dlentllne (MDA)) was also studied extensively by Beli
et al. (6,46=48), who critically analyzed the stolchiometrlc vspects of
curlng and also determined ... - "focts of M. In other amine-cured ~esins
(by changing the molecular welght of the amine curing agent) on tenslle
and Impact strength,

Bell (47) also showed that the presence or absence of an exotherm
had no effect on the curing reaction, that nearly complete curing could be
achleved In this system, and that predlcted values of Mc agrend well wlth
values estimated by experiment. Later, Salby and Miller (17) studled ‘the
Epon R28/MDA system extensively, with emphasis on the effect of stoichlo-
metry on fracture toughness. Since this comblnation of studievs provided ;
excel lent background In fructure behavler as well as other properties, ;
the Epon 828«MDA system was selected as a standard of reference for this
study.

‘ - .
E{ : At the time thls program wa. begun, another advanidge of thls
system appeared to be the absence of gross heterogenelity of tha type 8
reportad for other systems (2,8,22,23), Selby and Millar (17) found 3
craters and hlllocks (of the order of um In size) on eiched surfaces, but !
small-angle X-ray studles revealed no evidence for a two~-phase structure
B in +he 508 +o 1008 size range, and no relationship between the iarge
3] morphologlcal features and fracture behavior was observed, However, since
) then increasing evidence has been produced by Selby at, al. (17,26}
& Morgan and O'Neal (24}, and Raclich and Kcutsky (25) conflrming tThe ex=

: Istence of hoterogenelties of various slzes. In fact, as wlll be dlscussed
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'n section VI, a complex morphology exlsts for the resins descrived hereln.
Thus, even wlth carefully prepared spoxy specimens, inhomogenelties exist,
presumably reflecting non-optimum coselubl|ity of reactants or curing (59),
In any case, wlth careful techniques, [t should be possible to prepare
resins which are reproducible In thelr morphology and propertles, and to
use ‘these as standards of reference.

For Inltlal study, several serles of epoxies were prepared based on
the Epon 828-MDA reference resin, Systems Include blends to achleve equal
equivalent welghts but different distributions of molscular welght (and Ma))
and also homopolymers of varying molecular welght tv provide addltional
standards for comparison., Characteristics of those and reiated resins are
described In sections A-a and A-b, and procedures and resuits In sectlon B,

A,  Structure and Stolchlometry

a. Structure of Epoxies:

The epoxy prepolymers used In this study all have the following
general structure:

CH OH CH

/\ 3 | 3 /°
CH,CH~CH,, 1 0 -@- iH;@- 0-CH~CH-CH,, 0 -O-i -@-O-CHZ-CH-EHQ

n H3

where n varies from 0 to 24..

As supplied commerclally, a distributlon of composition usually
exlsts, |ndeed, !t Is possible to obtain only ‘two prepolymers which have
relatively narrow dlstributions of molecular welght and hence equivalent
welght: Epon B25 (Sheli Chemicel Company) and Epi=Rez 509 (Celanese
Coatings Company). As will be dJescribed later, thls fact along with re-
quirements of curing) restricts the control over heterogeneity In molecular
welght M (and hence In M.) which can be achleved In blends.

The curlng agents are avallable In several forms and purities, the
essentlal component belng methylene dianiilne (MDA), also called Py pl~
dlaminopheny! methane (DOM): - z

The nominal charactorlstics (as supplied by the manufecturers) of
the epoxy prepolymers are gliven In Table 2,

- .:::-.;e-a—:—_,aéd
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Table 2, Characteristics of Epoxy Prepolymers.

s aa

o n

P Propolymer e o e

i ;

; : Epon 825 176 100 - .

4 . Epon 828 - 190 7% 25 -

o Eplrez 520-C° 418 . . -

‘, i ‘Epon 1001° 500 116 72

| Eplrez 522-C° 600 - - -

! ! Epon 1002° 650 - . .
; Epon 10042 918 - - -

% S0l 1d at room temperature.

P e T o T T

Confirmation of the distributions will requlre the use of gel
j ’ permeation chromatography; thls characterization was accompl|shed on
the materlals uged In this study.

; b. Stolchlometry and Mgt

For estimetion of Mz, the caiculations of Bell (47) may be employed.
Bell developed equatlons for M, based on the stoichlometry ot the curing
reaction and the amount of primsry amine and epoxy groups remalning In the
polymer at a glven time. Since calculated values woro shown to agree well
With values estimated from measurements of swelling and the polymer
solvent-interaction term x (equatlon 1), the calculations seemed reason=
able,

! With curing conditlons used in Bell's and this study, several

! ldeallzed structures may be-expected, depanding on the stolchlometry -

/I (Flg. 1. In principle, the epoxy prepolymar ts dlfunctional and the o
|

e e B S L i 3 e s

amine tetrafunctional so that under condltions of equivalence of functlional
groups, the followlng reactlon w!il occur:
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ylelding some crosslinks. In this cuse, the effective M. Is glven by (48) s

lvw—ij - CH2 2
\ | b
oo N-r-A oH (5) 3
OH d/, \\ iH ;
méH - H2 CH2 = CH rapmemmmsrs
k-
At other stolchlometries, structures can be readily visuallzed by refer- Hi

ence to Bell's paper,

Thus, .with an amine/epoxy ratio of 2:1 (Flg., 11) enough prlmary
aming groups are present to theoretically reactlon with all epoxy groups
and yleld Ilnear chalns, In fact, as shown by Bell (47), however, some 3
primary amine groups may remsin after secondary groups have reacted, thus b

M, + M, = (X+E){aM, + bM_)/[3/2(2a-Y) + (X+2)7} : &
M oe o ) A B (6) i 3
3/2(20=x = Y) = (3/2(X+E)) .

[¢)

where! a and b are the number of moles of amine and epoxy, respectively; ';?
M and My are the molecular weights of the amine and epoxy, respectively; b
and X an% Y are the numbers of unreacted primary and secondary amine groups, 2
respectively. Slnce the concentration of unreacted epoxy groups, E, |s ' k-
aqual to 2b-4a+2X+Y, analysls of X and E glves Y (48). After analysls, 3
Bell war then sble to estimate M.. From his tabulated data, 2 value of B
about 1500 may be estimated, . \\ h

If, on the other hand, the structure were In fact |linear, and conw N4
verston complete, M. would In effect becomé the number sverage molecular - -
welghf M, as glven by a

aM, + bM : ..
wo= —A—3 () ]
g =b
Uslng thls equatlion, one would have a value for M_ of «, |n reallty, con= 3

verslon of precisely all the functional groups Is not complete; even a
minuscule decrease from 100 parcent conversion wil! yleld finlte molecular g

T
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welghts. Hence the signlficance of calculated values for M. or M, Is
3 questionable unless very accurate analytical data on the concentration of
i i residual functional groups |s avallable.

4 : For the case ot equal stolchlometry, when b=2a (Fig, 11), M. Is
given by R

E My = (aM, + bM3)/3(b-a) (8)

Lo when the amine Is slightly In excess, equation 6 may be used as well, i
When epoxy |s up 1o about 20 percent In excess, M. is glven by |

‘- M, = [aMA - (b = 4a)MBJ/E3a ~ 3/2(2b - 4a)]) (9

c
i which allows for the presence of not more than one dangling end per branch
v polnt, The Ideallzed structurs wlil consist of an amine molecule with

; epoxy branches.

B, Experlmental Detalls, %esults, and Dlscusslon o

Al
i As mentloned abuve, several serles of unblended and blended epoxles
were prepared. General procedures described by Bell (47) and Manson and :
Chlu (49,50) were followed for systems using |iquid epoxles, depending on L
the system; varlatlons were necessary In the case of solld epoxles. Reslns O
were prepared In two thicknesses: 0.25 in. (6,35 mm) for fracture studles,
and 0.020 In, (0,51 mm) for measurement of dynamic mechanlical and othsr T
properties, Materials, procedures, and general results are dlscussed below, i

2 it e et
e e o i A P e v

| a. Materiamls: i

;! 1 The spoxy resins used were ali dlglycidyl ethers of blsphanol~A
‘J ol igomerst Epon serles 825, 828, 1001, and 1004 {Shel| Chemical Company); K
{ and Epirez serles 520-C and 522-C (Celanese Coatlngs Company), Cf these U
{ prepolymers, Epon 1001 and 1004, and Eplrez 520-C snd 522-C were solids at X
i room ‘temperature. The curing agent used In most syntheses was methylene 1
N dlanlline (MGA), obtalned in tho form of Tonox (Shell| Chemical Company) and
¢ 99%-pure MDA (Aldrich Chemlcal Company). In a few cases, the following 3
g polyamides were used as curing agents: Versamids 115 and 140 (General Mills 4
| Chemicals, Inc.). In the latter case, phenylglycidy! ether (Shell Chemical
Company) was used as a reactlvé-dlluent, All resins of a glvan Type were . 3
taken from a glven batch; equlvalent weights were used as supplled by. the . x
A - manufacturers,

i ® =

B b. Preparstion and Curlng:

! The varlous procedures for preparation and curlng are summarized 3
balow, Compos|tions are glven In following sectlons:

R 32
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1. The general procedure for systems using liquld epoxy prepolymers
with MDA as the curing agent yas simllar to that used by Bell (47).
Following prlor heating to 60°C, the resin and curing agent were evacuated
for 5=15 min to remove bubbles, mixed, casT6 and cured as follows: 45 min
In & clrculating oven at 60°C; 30 min at 80°C, and 2.5 hrs at 150°C; slow
cooling to room temperature. The mold assembiies compr!sed clamped 5=in
by 5-In glass plates separated by 0.02~In {0.51 mm) or 0.25«ln (6,35 mm)
ethylene=propylene copolymer or teflon spacers, Both Mold Release 25
(Ram Chemlcal Company) and Epoxy ParFlim (Price Driscol! Company) were
used successtully as mold release agents; sheets of Myiar were also ef-
fective, WIith cure, clear, yellowish to brown specimens were obtalined from
which hubblo-free sections could be cut,

The cure cycle used was reported by Bell to glve essentialiy complete
curing (47) - a conclusion supported by dute presented in section Vi,
Somewhat hlgher temperatures were used by Selby and Milier (17), but the
effect of curlng temperature ms & varishle was not examinad In this study
beyond completion of & few exploratory castings which did not yleld con=-
slstent results.

In order to check on the efficacy of mixing {(in case the multi-phase
morphologies noted were due to poor mixing), some castings were made from
solutlon In acetons.

2. Solld epoxy rusins were first melted and then evacuated to
remove any alr bubbles. The curlng agent was mixed In under vacuum,
usIng & magnetlc stlirrer In order to avold alr entrapment. Thick and thin
f1ims were cast and cured using the followlng curlng cycle; 1.5 hrs at 100°C
and 2,5 hrs at 150°%C, Later fhe samples were¢ cooled slowly to room
tempsrature.

3. For Versamld~cured systems the procedurs developed by Manson and
Chlu (49,50) was followed. Flirst 6 percent by wolght (based un the total
mix) of phenyl glycidyl ether was mixed with the epoxy prlor to addltion of
the polyamide In order to reduce viscosity and thus faclli+tate mixIng and 1
removal of bubbles. The epoxy resl!m was heatad to 40°C, and evacuated i a '
vacuum oven go remove absorbed alr and molsture, After the curing agent Is
heated to 40°C and added to ‘the resin, the total mixture tThen evacuated for
about 5 mln, Sheets of samples were formed by use of the mold assemblies

dascrlbed In sectlion b-1. -

Dotalls follow for the varlous serles made.

s T Y

c. Serles A (varled stolchiometry):

Tnls sertes (wlth MDA as aurling agent) was prepared tc provide a 4
standard for comparison with other speclimens prepared In thls study and
wlth the |Iterature. Table 3 glves the compositions, on the basis of
equlvalent welghts (based In turn on speclfications supp!ied by the
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manufacturer). Theoretical values of M., as calculated by equations ¢ 1o
9, are glven In Tablo 3, along with compositions.,

Table 3, Composltions of Serles A Epoxy Reslins.

Designatlon  Amine/Epoxy Ratlc® M. (theoretical)®

A=7 0.7 ¢+ 1 1523
A9 0.9 ¢+ 1 383
A=10 1.0 : 1 326
A=10A 1.0 ¢+ 1 326
A=11 ot o 370
A=12 1.2 21 415
A=14 1.4 ¢ 1 599
A=16 1.6 ¢ 1 024
A-18 1.8 ¢+ 1 1922
A=20 2.0 + 1 w (Linear)
A=22 2.2 11 -

® All are bused on the use of Shell Tonox curlng agent,
except for the A-10A case, for which 99% MDA was used.

b For reasons dlscussed by Bell (47) ectusl Mo values for
spocimens A=16 to A=-20 may be In error, In any casc,
the error wlll not atfect any trends observed In pro-
pertles as a function vf stolchlometry,

Thus this serles provides roslns covering a widc range In compos|-
tion, ranging In amline excess from =30 percen! to +100 percent.

d. Series B (blends at equal M.):

For thls serles, varlous resins were blended to achleve & enory
equivaient welght uf 190 g/eq (equivalent to *hat of Epon 828, and to a
value for of 326). Stoichlometric amounts of MDA were used In all
cases. Detalls are glven in Table 4, which also includes data on the
blending resins themselves. As may be sesn, the breadth of the dlstri-
butlon of M. nchleved was necessar!iy |imlted.
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Table 4. Composltions of Serles B (Blends) Epoxy Reslns.

wt 3 of wt %

Epon  Eplirez Epon : = -8
1001 502-C 828 net =2

Deslg=-
natlon

B 11.4 1.8 8.3
B2 10,3 7.5
B3
B-4
B-5°
B=6
B-7

®Control rasin,

e, Serles C (equal M, but dlfferent stolchlometry):

In order to determine whether or not behuvlor at a glven Mﬁ depends
(8]

on whether or not stoichlometry Is 111, serles C wes made (51), wever,
since serios A proved to bo adequate for this purpose, no further work was
done with serles C.

t. Series D (Varsamlid Resins)i

Dutalls of theze resins ere glven In the previous report (51). As
mentloned, no work was done with thls serles durlng this report per ind.
Several ruving were prepcred from Epon 828 using polyamide curlng agent,
Vorsamlds 115 and 140. {1 seemed undesirable to examing effects of dis-
tributlon In My using Versamld-based resins, which are softer, toughar,
and typical «f adhesives and coatlings rather than rliglid, high=Tg reslns.
Howaver, fn viaw of censlderable experience at Lehigh with such resins
(49-51), and becuuse such resins were expected t¢ buw easler to handle Than
the britile MDA-cured ones, several specimens wers cured (51), Durlng
thls report parlod, resins based on stolchlometric ratlos of Versamld-140
and Epon 825 and 828 were used,

Compositlions are glven In Table 5.




Table 5. Compositlons of Ser ws ) (Versamid=cured) Epoxy Reslns.

Des! gratlon Relat|ve Amine/Epoxy Proportlon: _
Epon 825 Epon 828 Epon 1001 V=115 V-140
D~1 - - 1.0 1.0 -
D-z - 100 - - ‘.0
D=3 1.0 - - - 1.0

& Amine equlvalent welghts are: V=115 and V-140, 238 and 385 g/eq,
respactively,

g. Serles E (Unblended Reslns, equal Stolchiometry):

To provide a baseline for examining the effects of M, at constant
stolchlometry, resins based on the following prepolymers WQre synthes!zed
using stolchlometric amounts of MDA as curing agent: Enon 825, 828, 834,
1001, 1002, and 1004 (see Table €).

Table 6, Compos!tion of Serles E (Unblended,
as-is) Epoxy Reslins,

Designation PreggT3mer Epoxy Equivalent Th°°hz+‘°°:
E-1 825 176 108
E-2 828 190 126
E=3 ‘ 834 274 430
E-4° 634 27 493
E-5 1001 500 740
E=6 1002 680 980
E-7 1004 998 1400

aInadver?enf deviation from preclse stolchlometry.
0f these, Epon 825 has a narrow dlistributton of molecular welght,

while thy others have talrly broad distributlons, Also E=4 contalned a
sl 1ght oxcess of amine (amline/epoxy retlo ~ 1,1),
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h, wories F (Bimodal=dlstribution Blends):

In order to broaden the distribution of M, beyond the range charac-
terlstic of Serles B, it was necessary to move to valuss of M, which
dittfered trom the value of 326 (Epon 828), |t was posslble 16 vary the
distribution of M. by making resins whlch had the same average M. values
as Epon 828, Epon 834, and Epon 1001. This was done by blending a Epon
825 (narrow distribution of molecular welght) with Epon 1004, Distributlions
of M. may be expected to be assentially bimodal, with Ilittle overlap.
Detulls are glven In Table 7.

Table 7, Blmodal Distributlon Epoxlies,

Sample Epoxy wt % Epon 825

Des Ignation Equlvalent Me In Bleng ®
F=1 190 326 91,0
F=2 255 413 61,9
F=3 260,5 419 60,0
Fed 27 430 56,9

Fub 500 740 20.2

YBlend with Epon 1004, F=1, F=4, and F=5 are
equlvelents of Epons 828, 834, and 1001,
respactlively,

1. [Dlscusslon

Using the technlques descrlbed, |1 was posslble o prepare specimens
sultablo for testing, albeit wlth considerable difflculty In the casa of _
the solid epoxles. Reproducibllity of casts appears o be roasonable (sec
sectlon V1), | 5

With respect to the blends, 1+ Is clear that there are Iimits on
the number ot blends that can be prepured from resln which themselvos have

a distribution, o
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SECTION VI
GENERAL CHARACTERIZATION OF EPOXY NETWORKS

A, Iniroductlon

A princlipal aim In the epoxy portlon of the program Is to study
aeffects of network structure on ultimate properties such as strength,
toughness, and fatigue resistance, 4s wall as on behavior at small-
deformatlon such as creep or stress relaxation, Adequate correlation
requlres thorough character!zation of the polymers concerned ~ an ldeal
procedure all~too=often unrealized In practice.

Some studies in the |iterature have been concerned with several
aspects of behavior, for exampie, tensile strength as a functlon of M
(7,46) In epoxles rather well characterized In lerms of dynamlic mechanlcal
behavior. Other studles, for example of fracture toughness and fatigue
have not Included such characterlzatlon, and sometimes the spoxias
themselves are nhot specifled (60-63), It was therefore declded to es=
tabl ish o standard series of well-characterized polymers agalnst which
specimens having varying dlstributlons of Mc and other network character=
Istics could be compared,

Parameters of particular interest are the crossiink density as
oxpressed by My, which also reflects the degree of cure, 2nd the visco~
elastlic behavior, which raflects the segmental moblllty and energy dls-
slpatlion characteristics, In particular, viscoelastlc response |s dften
sens!tive to differances In network structure, Microscoplc examinatlon
s also Important, to verliy the presence ol absence of a two-phase
morphology (see section v||]),

This sectlon describes the characterleation of the resing dls~
cussed |ln section V.

8. Crossl|lnk Denslty: ]

The degree of cure and crosslInk can be analyzed in several ways,
the two most common Irvolving determination of swellling (and sol-gel 4
ratle) and modulus In the rubbery state. Whlle, as wil! he seen,
absolute values may not be obtalned In densely crosslinked systems, i
values still glve an excellent cndlcaflon of relative network character« f
Istics, g ’

Thus Whiting and Kline (7) showed that the swelling of epoxy-amine-
dlluent systems was very sensitive to the nature of the network; the
measurements were used to Indlcate retative values of M.. Valuas of M
can also be estimated from swalling using the Flory=Rehner equatlon




(equation 1), Use of 1This or modifled emplrical equations (2) has had p
some siccess with epoxy resins (7,47); In any case, the valuas can be R
correlated with values derlved from mechanlical tests. In princlple,
distribution functions can be estimated for M, from measursments of
swolling as @ function of pressure; In practice, this Is difficult (2),

Values of M, can also be determined from modul! measured by
dynamic mechanlcal spectroscopy using a Rheovibron or stmilar unit,
Although the kinetlc theory of rubber elasticity (equation 2) Is nol

valld for highly cross!inked systems, an approximation (2) may be useful B
(e¢uation 10);: el

! i,

log 6 & 7.0 + 293 p/Mg (10) e

o ]

whare G |s the shear modulus, p the density, and Mg the average molecular j@;
welght between cross!inks. For convenlence, p was taken to equal unity; : 3§
true values ranged up to n 1,2 so that true M values may be up to 20% _ﬁ?
higher than estImated below. In our experience (49,50), equation 2 held i
well for several spoxy resins (cured wlth polyamides), ylelding values of B

Mc in excallent agreement with prediction; egua+lon 10 nay be betier when hf
the rubbery modulus Is greater than, say, 10 dyn/cm?, Valuss of M. have g
also been estimated from the elevation of the glass transition temperature, fe
Tgs by crossiinkling (2,6):

’ _ 3.9 x 1o
! M. = tn it
B g 9% i
f where T, Is the transitlon temperature of uncross| Inked polymer {made by ??
§ incompletely curlng an epoxy~amine mixture). k-
} As dlscussed below, values of M, based on measuremerit of G were ‘?
% concluded o be most rellable and were, therefore, usually used for 4
i comparison, L
E} b. Effects of Cross|inking and Network Structure: ]
!

0 Cross!inkling profoundly affects the viscosiast!ic behavlor of poly-
' mors: the T, the damping (as measured by tan & or E"), and the slope of )
the glass Trgnslflon (2,6,7), In addltion, crosslinking affects the i
characteristics of the next loss peak appearing as one lowers the tempera-
ture from Ty = @ peak often called the "g" peak, as dlstinct from the "a"
. peak corresponding to the Tg {(18). Some changes are shown In Fig. 11,

|
r;
ii As M. decreases (ani crosslink density Increases) T, shlfts to L
A
L

higher temperatures, and at very low values {densely cross?lnked systems i
P 1
O §
!
i, ]
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such as phenoilc resins) may disappear altogether, Also the dampling peak
is broadenad and flaitened as crossiink donsity Increases, the maximum
occurring when stolchiometry Is optimum, Effects of stoichlometry and
dlluents are readl|y observed (1,6,7), The distribution of crossiinks

Is believed to be In large part responsibie for the notlceable broadening
of the glass transition as M. decreases (1, chapter 4); this effect is
also seen with crystallinity. Presumably a spread in crosslink dlstri-
bution (or crystalllinlty) may resuit In a apread In relaxation times and
hence slope of tha trans!tion.

Stress relaxatlon and creep are also sensitive to network characs
terlstics (2) though most sclentlfic work on characterized specimens
appears to have been concernsd wlth rubbers. In general, creep of highly
cross!inked systems in the ylassy state |s very slow, probably lowar at
high loads, long times, and temperatures just below T, than for less
crosslInked systems (2}, The stress relaxation Techn?que (which is
essentlally equlvalent to the Inverse of a creep test) can offen reveal
long~time effects, when coordinated long range molscular motions or
dlsentangliements flrst become Importamt, Each type of test hes been used
succassfully tTo predict the modulus of epoxies at long times (63); corre-
fatlons using time-temperature superposition principles (25) In the form
of muster curves ls feasible. O :

B. Experimental Details, Resuits, and Discussion

This sectlon updates and revises resul ts reported previously for
swelllng and dynamlc mechanical spectrorsopy (51), New results obtalned
from torslonal creep studies are also nesented and discussed,

8. Swelllhg:

_ Detalls ware described In *he last report (51); see Flgs, 12 and
13, It was found that results for series A agreed with those obtalned
by @ell (47), and gave a mInimum at an amine/epoxy ratio close to the
stoichlomatric value. However, as noted by Whiting and Kiine (7), absolute 3

values were dlfflcuit to reproduce. For thls reason, furrther studles were 'ﬁ
confirmed to measurement of o simple swel | Ing ratlon, q', measurad by 3
Immorsion In acetons for 15 days and doflned by ?
\ . swollen wt - dry wt — 1

q dry_wi 12) k

Since the denslty of specimens changes very |ivtle as a functlion of ' §
stolchlometry (7), this relatlonship should suffice +o show up any 4
sfgniflcant effects of, for example, M. distribution, ' :

In the varller work (51), 11 was reported that serles B (blondad)
resins oxhiblted swelllng hohavior similar to that of controls, in this
part of the study (see Tuble: 8 and %), values of q' were abtalned for
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Table 8., Swelllng and Extraction of Series E Epoxies.

4 extraction swelllng ratlo, q' LB
Sample | M2 a b avg. a b avg. ‘

E=2 | 326 | 0.67  0.55 0.61 | .26 26 .26 .

E-3 [ 430 [ 1,96 1,96 .96 | .31 B 3 b o

E-4 [ 495 |'t.49 1,31 .0 | L3 ST T o

E-5 | 740 | 2,51 2.56 2.54 | .40 .38 .39

E-6 | 980 | 4.56 4,80 4,68 |- .46 A5 45 .
E-7 1400 | 545 5.1 5.28 | .49 .51 .50 ;i

8 Theoretical value,

Table 9. 8wellling and Extractlon of Serles F Epoxles
(Bimodal Blends).

! - o
: . a % extraction swelling ratle, q'
Sempie | Mg a b avg, 8 Sb avy.
F-2 413 1.48 1,438 1.43% 21 N x 27 3
F-3 419 | 0.46 0.52 0.49 | .20 .29 v ;
Fed 430 | 2.05 1.81 1,93 | .31 V31 V30 3
F~5% 740 | 2.39 2,72  2.56 W9 .39 .39
) ?Iheoré¥lcal va lue, ' ?
i ?
] 1
t
|
4
; 43
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serles E and F resins (epoxles of varylng molecular welght ard blmodal
blends, respectlively) and plotted agalnst M. calculated theoretically,
assuming & 1:1 amine/epoxy ratio snd complete reactlon. As seen In Fig,
14, the bimodai-blends devlate from the control curve when 330<My<430.
(While the effect |s small, similar deviations are found for other pro-
pertles - see below.,) On the other hand, while the % extracted rose
steadily with Mg, the broad-distribution samples bohaved |lke the base
resins In thls respect.

" by Crosslink Density:

In order fo correct apparent M. values caiculated by equations 7
and 9, valyes of residual primary mmine and epoxy groups were determined by
fltration using the methods described by Bell (46), Results (Table 10),
which agreed wel| with these quoted by Bell (46), confirmed that cure was
essentlally complete, at least for amine/epoxy ratlos between 1/1 and 2/1.
Howevor, values for residual epoxy were conslistently low and Improbably

- values of Mz were obtalned when correctlion of M, values for Incomplete net-

works wes attempted, For A-20, |t wag Impossible to calculate M. from
Bell's equation (48) and these chemicul analysls data. In fact, more
reasohable value LMC (cale)] was found by using a slmpler equatlon glven
by Bell (46), which had been printed Incorrectiy.

Table 10, Residual Functional uroups in Series A Epoxies and Corrected M

Speci= Ep:;yesggT2n+ Amlgg‘gggienf Am?ﬁgogS:;:nT Mc
men of epoxy mgle(mole mo le/mo | e
of epoxy of epoxy Uncorrected Cortected

A= 0.228 n® n 1523 509
A=-8 0,136 n n 526 1
A-9 0.067 n n 83 356
A-10 n n n 320 526
A=10A 0.037 n 0,037 326 2351
A=-11 n n 0.2 570 362
A=14 n on Tt L. 0.8 592 " 526
A-16 n (.045 1.15 924 829
A-18 n 0.066 1.47 1922 15N
A=20 n 0.099 1.80 w0 b

& ho= not datected.

b Impossible to calculate using Bell's new equation and analysls data,
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For thls reason, Il was Jeclded to estimate M. from values for
rubbery modulus, EF (equation 2). Since values of EZ were not greater
than ~10MPa, 1t was thought that oquatlon 2 should b valid. Also, o
plot of Mg (from EZ) agalnst M,(calc) gave a smooth curve (Fig. 15). Thus,
values of Mg shoul§ reflect real |ty qualltatively and felrly quantitatively
as well,

Values of My estimated from EZ are glven for serles A In Table 11,
atong with values calculated from eqﬁaflons 2, 10 and 11, Tables 12 and
13 glve data for series E and serles F. Slnce In these cases, several
values estimated from E° fell off the curves of M, (from EZ) v& M, (theor),
values of M, (Ef) were Sotained from the appropriate cal IbFatlon Curve.

" Table 11, Values of My for Serles A Epoxy Reslins.

Spocimen from E}a from T shlf‘fb
from equation 2 [ from equation 10 DSC Vibron
A7 721 (780)¢ 412 1114 1258
A-8 457 N3 630 639
A=9 314 259 453 406
A=10 303 256 411 402
A=10A 305=300 257255 - 429=402
A=11 328 265 459 438
A=12 - - 500 -
A-14 496 324 696 618
A-16 821 (620)° 442 1026 575
A-18 896 473 1345 1114
A-20 1381 706 1444 2167
2

Density, p, assumed to be 1.

From equation . T _'s trom DSC and Rheovibron measurements wure plotted
agalnst Me values of column  of this table; Tgo's wera thus estimated
to be 340 OK and 374 °K, respectively.

C .
Corrected using calibratlon curve,
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E~1 288 (308)° 108
E-2 303 (326)° 326
E-3 701 (550)° 430
E~d 568 (660)° 493
E-5 1140 740
E-6 1310 980
E-7 1680 1400

® Density assumed to be 1.

b

Corrected using callbration curve.

Table 12, Values of MC tor Serles E Epoxy Reslns.

Table 13, Values of MC for Serles F Epoxy Resins.

wectoon | quttors’ | sontons.
F-1 308 (326)° 126
F-2 570 (510)° a3
F-3 7007(520) 419
s 706 (550)° 430
F=5 1146 740

a

Density assumed to be 1.

b -
Corrected uslng callbration curve, serlos L.
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¢. Dynamlc Mechanical Spectroscopy:

Measurements of complex Young's moduli (1) were made using a
Rheovibron vlscoelastometer, model DDV-11, (Toyo Measuring Instrument
Company). The Instrument appllies a sinusoldal tens!le stialn to one end
of a sample, and measures the stress sensed at the olier end, Transe
ducers perm!t the reading of the absoiute dynamic modulus |E¥*| (the ratlo
of maximum stress to maximum straln) and the phase angle § between the
gtrain and the stress. The storage modulus, E', the ioss modulus, EY,
and the dissipation factor, tan &, are glven as follows:

E' = |E¥| cos ¢
E" = [E¥| sin ¢ (3
tan 6 = E"/E!

E" and tan & aro measures of the energy dissipated Irreversibly, and E' a
measure of the energy stored reversibly,

The experimental procedure was as follows. Thin strips (182 mm)
were cut out carefully from 0.5mm In sheets and pollished weil along the
odges using flne sandpaper, Heatling to above T, prlor to cutting helped
minimize shattering of the more bgl??le specimehs, Measurements were made
at 110 Hz and a heating rate of 1°C/min over a temperature range from
=80°C to about 40°C mbove the T,. lcling of the specimens at low temperature
was avolded by sweeplng dry nitFogen through the chamber.

The Tg and B-trans!+ion temperature were taken from the major and
lower maxima; respectively, on the loss modulus (E") va, temperature curves.

Tga slope of log E'(d log E'/dT) et Tg Was obtalned In the reglon of Tg ¢
4°C,

Typleal original deta are reproduced In Flg. 16 In order to show the
kind of scatter encountered. Provided that care |s taken fo frequently
~racallbrate temperature readings and to allow for varlations In the
Instrumental correction factor (K) as a functlon of specimen cross-sectlonal
area, It Is possible to obtaln values of ftransition temperatures with a pre-
clslon ot about +2°C, However, reproduclbillty of absolute values of E, E',

and tan § In the glasuy reglon Is less guod, varlatlons of up to 40% belng
commonly observed.

1. Serles A Epoxy Speclimens (Varlable Stolchlometry)

Three trans!tlons are often evident In the dynamic spectra of
apoxles, as one descends |n temperature to about »80°C: one at hlgh
temparature, (the a peak), one at & lower temperature, and one at a st
lawer temperature, at about =40°C to -50°C., The a-peak Is assoclated with
the glass transitlon, while the |owest-temperature or B-peak s attributed
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to motlons of the glycldyl group (19), The middle peak Is an artefact
assoclatad with Incomplote curlng (8). It may also be noted that with one
excaptlion, no evldence for Incomplete curlng or & gross two-phase morphology
Is seen In the dynamlc spectra, as has been noted In other studies (1,2,8);
re=running of a specimen glves essentlally the same curve as before.

: Data are presented In Tables 14 and 15 and displayed In Figs. 17 to
20, (Note that some values reported previously (51) have been revised after
reavaluation,) |+ may be sesn that Increased crosslinking ralses the temper-
atures at which the o and B transi+lons ocaur, as reported In other studles
(6,7,18), Curlously, values of Tq are fnexpllicably hlgh==hlgher than those
noted by Bell (47) (even after allowance for the higher frequency used In
this study) and higher than prodicted based on the curing temperature (5),
?t present, no explanation In terms of temperature error or adlabaetic heating

s tenable,

Increasad cross!inking also Increases the value of the rubbery modulus,
E” (from which M. was estimated using the theory of rubber elasticlty, equa-
tlon 2) and decreases the slope of the a=truanaltlon, in conformity with
prediction (2), I+ Is Interesting that the slope Is a functlon of stolchlo-
metry only when the amline s In excess; the amine appears to sharpen the
transitlon, perhaps by enhencing mobl|l1y of the chain segments. The maximum
value of tan & at the a-transition Is also decreased, as reportsd by Murayama
and Bell (6) but s Increased at the A-transition, as reported by Arcldge and
Speake (18) and Pogany (19),

When the dynamic parameters are plotted as 8 function of M., It s
seen tThat most parameters are Independent of which resin componen$ is In
excess. Soma parameters (slope at T, and tan ¢ value at T,) show dlfferent
relutionships with Me depending on whether the amine or Thg apoxy 1s tn
oxcess, Thls behavior suggests that +he networks must be different In the
two cases. Speclflecally, since the 8 transltlon Is attributed to the local=-
lzed notlon of the glyeldyl group, It ls not expected to be sensitive to
network strructure details. |F the Increase In Tp Is dus to tightening the
notwork (by approaching stolchiometryl), then the increase In tan §p., value ;
spems Inexpllcable. However, contrary to our results, Pogany (19) and 3
Arrldge and Speake (18) cbserved Tg decreasing as more and more excoss epoxy
was added, and the amine excoss dld not affect Ty slgnlflcantly (both with
dl Iphatlec amlnes), B

2, Serles B Epoxy Reslins (Blends)

Data for thls serles are glven In Table 16, see also Flg, 17. {4
may be seon that the blends comprising thls series bohave very much |lke
the reference reslins of serles A,
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Tahle 14. Dynamlc Mechanical Data of Sorfos A Epoxy Resins (Variable
Stoichlometry).

2 d Jog E'/dT b

: Spacl- 22225/ 2T et Tn) fan Spax @ POk} goyg78

i men Ratlo g % dyn/cm2~dwg Value Temp.(OC) dyn/cmz

i A=T 0.7 132 =62 0,050 1.10 148 1.54

%’ A=8 0.8 162 =60 0.050 0,91 177 2,59

) A=9 0.9 197  ~50 0,038 0.72 213 4,05

i A=1C 1,0 198 =45 0.056 0,70 206  A.20

- A~10A 1,05 1y2-198 =47 0.043-0,050 0.76-0.68 202-206 4,13-4,25
Ax11 1 190 =52 0,056 0.82 201 3,82
A=14 1.4 164 =54 0.067 1,08 176 2.40
A-16 1.6 141 =56 0.077 1.2 153 1.38
A-18 1,8 136 =65 0,083 1.30 149 1,24
A=20 2,0 119 =68 0.083% 1,60 133 0,78

® From maxima in E" vs. temperature curve.
b Storage modulus In rubbery state (at 2 Tg + 40),

¢ Epon 828/99% MDA, This specimen was shown to have |ncomplete curing;
flrst runs on new specimens gave T, =192, n=0,050 and repeated runs on
tho same speclimen gave T,=198, n=0,043, 1.e., further curing durlng fhe
tast,

Table 15, Characterlstics of the 8 Transitlon of Series A Epoxy Resins
(Variable Stolchlometry),

Amnine/ tan 8 . Temp, of
Specimen  Epoxy fa EN o
Ratio  Tenp, % Vvalue max’
A-7 0.7 =58 0,051 =02 4
A=8 0.8 -H4 0,058 -60 b
A=9 0.9 =12 0,063 =50
A-10 1.0 40 0.068 LY
A-10A 1.0 =40 0,068 -47
A=11 1.1 -46 0.068 -52 :
: A-14 1.4 =50 0,066 -54 a
‘ A-16 1.6 -54 0,063 =56 ;
? A-18 1.8 -G0 0,063 -5 :
A=20 2.0 -64 0.056 -8

.
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In_Serles B (see Table 4) has no significant effoct on viscoelastic
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Table 16. Dynamic Machanlical Data of Serles B Epoxy Reslns (Blends) @

R Ta, T, E;_ Slope (n)
e € cle
B-1  ,048 -40 198 4.0 050
B-2 043 -38 198 4.0 .056
B-6 028 -35 198 4.0 .055
B-5®  .036 -45 198 4.0 .056
B-4  ,038 -44 198 4,0 .050
B-3  ,038 -4 198 4.0 054

2 Al specimens blended to glve M, = 326; for compositions
see Table 3.

b Nominal compos!tion for Epon 828 (control specimen).
€ Tan 8(max), seen nhear Tg» ranges between 0.70 and 0,71 In

all cases,

Thus the broadening of the distribution wlthin the Ilmlts avallable

behavior. |+ |s true that Epon B28 (75% of epoxy wlth n=0; 25%, n=1)
behaves differentiy from Epon 825 (n=Q), but the dlfference can be
attributed solely to the hlgher M. of the latter.

I+ should be noted, however, that some viscoelastic parameters
change significantly with M., some parameters change relatively |Ittle.
For a 5~tfold decrease In crosslink density, Ex must, of course, change
5-fold, and T, drops by 80°C - signl!flcant changes which will have a
rrofound effect on englneering behavior. 0On the other hand, parameters
chsracterizing the glass~to-rubber transitfon ltself are insensitive, the
slope n end the value of tan &, are changed by only +60% arid +150%,

respectlvely, Thus, |n +esf!n3a¥or cons tstency of behavior In a cured ,
epoxy resin, Ef. and Tq would be the best propertles to select. i

3. Serles E Epoxy Reslns (Unblended Commercial Reslns) |

Viscoelastic data are summarlzed In Table 17 and In Flg., 18, 21, and 22.

in generel, when comparlison ls made at egual Mg, trends In viscoelastlc
behavior Is simllar Yo that observed In Serlas A, Indeed values of T, and

tan 8 . agree remarkably well with those of Serles A, while values o? h




agree reasonably well. Values of T, did, however, appear 1o vary more
strongly with M. than was the case with Serles A; also, for a glven
theoretical value of M., velues of E; were conslstently lower for Serles E, I

Table 17. Dynamle Mechanical Properties of Series E Epoxy Resins
{Commerclal Resins).

Spacimen Me Tﬁa, % " Cnax ‘1 :) Tyt E.'..A.G.E.QSAI%_ n,

(theor,) Value Temp, C ©°C E. g x10

E-1 308 -35 0.62 221 207 0,45 22 5.2

E-2 326 =40 0,75 21 197 0.42 21 5.6
; E-3 430 ~46 0.90 175 165 0.17 20 6.7 ;
[ 5 E-4 493 ~46 0.95 175 165 0.21 20 6.7 ‘
) ; E-5 740 -55 25 157 145 0.10 19 9.1 .
: E-6 980 =57 1,40 147 {35 0,085 18 9.1 ;
i E-7 1400 -60 1,52 138 125 0.065 18 10,0 |

® From maximum in tan &,

b Eé rafars to the glassy state. € 1 GPy = 1010 dynes/cmz.

Thus, 1o & good approximation, the viscoelastic behavior of the
epoxy resins discussed so far Is governed by M., and hence by the average
cross|ink density. Thls Is so whether a glven M. Is attalned by varying
stolchliometry or by changing the molecular welgh$ of the epoxy prepolymer =
a conclusion not noted In previous |lterature. Several of the viscoelastlc
parametors will now be dlscussed In more dotall,

o it ol LA T e e

Tq: Velues of T4 obtalned were checked Independently uslng differ-
ential §§hnnlngAcalorlmefry (0SC) and the GehmaR creep tester. As shown - i
) . In Table 18, excellent agreement was obtalned, after allowance for the
differences In effectlve froquency., The dynamic tests were run at 110 Hgz,
and the creep experlment had en effectlve frequency of 0,1 Hz (= |0-sec~
] measuring time), while the effective frequency of the NSC |s somewhere In
between, T, 's from the dynamic and creep tests dlffered by an average of
24°C, which®ls In good agteemenf with the predictlon that T, should In=-
crease by up to about 13°C per decade Increase In frequency: Also, values
of the temperature at which tan & was a maxImum were consistently about
v 8°C hlighar than Tg {obtalned from the peak in E"), as expected.
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Figure 21, Tq as tunctlon of M. (theor.) for serles E and F.
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-polymers having the same composltlor asgghe polyme

Table 18, Tq Data for Series E Epoxy Reslns,

U
Specimen —-iﬂ' 3 P
from DSC from creep from Rhecvibron
Bl 189 174 207
E-2 185 187 197
E-3 157 142 165
E-4 - - 165
E~5 137 118 145
E~6 124 108 135
E-7 116 101 125

a Frequenclies: Rheovlbron, 110 Hz; Gehman tostaer, 0.1 Hz
(% measurement of E at 10 sec, after loadlng).

Because of the consistency of T, as a functlon of M., It seemed
reasonable to deveiop a quantltative réla+lonshlp botween ?he two
parameters. Several relatlonships are described by Nielsen (1, pp.23-24);
the simplest of these, obtalned by avereging many data In the ||terature,
may be expressed as follows:

4
K 3.9 x 10
-7 A Az ALY
T T W S W (14)

where K Is an empirical constant, and T, Is the T, of uncrossiinked
? of Interest. By
extrapolating T, (at 110 Hz) to M. = =, a value of 100°C was found for T_.

On averaging va?ues of K for all gerles E reslns, equation 14 becomes g

| . 22 x 10 (
y Yo M

5)

In good quantitatlive agreement wlth Nlelsen's appﬁoxlnmflon.':Of course,
the constant K may vary somewhat for different epoxy systems.

Once establlished for a glven spoxy system, equatlon 15 could be
used as the basls for a simple test to determine M. for any resin of the
same type. (Of course, T, Is of Interest in Its own right.) A major
advantage Is that T, can ge moasured quickly and preclsely by a varlety of
techniques, e.g., Dgc, which are more convenlant and less time~consuming
than creep or dynamic mechanlical spectroscopy.
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Young's Modulus: As expected, Young's modulus at room temperature,

Eq, was found to be nearly Independeni of prepalymer molecular weight
(Table 17). All values fall within the rangs 2t+26Ps, compared fo an
average of 1+3GPa for obtalned from tens!le stress-straln curves (section
VIl}s However, the mean values of E do 1end to decrease slightly but
consistently as My ls Increased,

Rubbery Modulus: The rubbery modulus, E., was found fo be related

~to the modulus In the glassy state, E4, and to E. the modulus of a network

having Mce= by the following expressidn

Eo - Eav
r = -
'ﬂ_““e; e T KMt ) (16

where Ky Is a constant, and M, Is the value of M. corresponding to E, (that
ls a value which corresponds ?o the case of no glass transition. Thg
fol lowing parameters were found to glve a good fit to the data (for Ey =

2+0 GPa d
Ef . = 4MPs
M, = 190
K. = 0.6

1

Jan 8! Slnce the value of fan §ya, increases with M. It Is of
Intent to define the relationship. The ?ollowlng expression was found tfo
hold for Serles E:

tan 6_ = tan & K
o] max . 2 . (17)
(M. =-M )
c 02

tan Gmax

where tan §, = the value of tan § for M, = =,

Moo= the M. at which tan § = 0, and

K22= constant, 3%102 {n +thxcase.
Mo, was determined by plotting tho ratlo of fan 8., vs. M, and extrapolat-
In§,+o tan 6, =0. The-value thus determined for B_was 760 -1n falr

agreement wiTh the value of 190 determined In the p?%vlous discusslon of
-rt

Slope, n: As mentlioned, the slope n varles directly with M.. The
tol lowing expression was found to correlate the experimental data well:

n o= K3 log,, (MC/MO3) (18)
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where K3 = a constant, and

i Mc5= the |imiting value of M- at which n=0,

f Using the present data, n=0 when M, =75--a value lower than found from E,.
and tan dnax °3

4, Serles F Epoxy Reslins (Blmodal Blends)

Viscoelastic data are summarized In Tables 19 and 20 and In Flgures
21 and 22,

Table 19, Dynamlc Mechanical Properties of Series F Epoxy Resins
{(Bimodal Blends),

iU, Ty %o ot Ty HEeele sl

P r_ g K107

| Fet 26 .0 075 201 197 042 21 5.6
Fa2 413 45 0.75 185 174 0.21 20 5.6 f‘:
sf Fu3 49 45 0.80 175 166 0.7 20 5.9 &

5 Fed 430 -4 0,75 168 150 017 20 5.6

| | Fes 40 55 1.25 157 145 0.10 19 0.1

As was the casq with Series B and Serles E, most properties ut constant M,
are |lttle affected by the greater breadth of the M. distributlon.
However, two new probable anomnlles exist. Flrst, ?ho slope of the glass
b transitlon fends to be lower than for F-2, F-3 and F~4, resins wlth M,

I} values between 500 and 600, Second (Fig. 21), T4 Is abnormally low for

] specimen F«4, This cannot be due to an error In"measurement, for the
valus found Is In excellent agresment with values defermlned from creep
and DSC studles.

Egmls Dh o e a

The conclusion that an anomaly In T, exists lg supported by Flg. 22,
which displays T, as a function of nom?nal compos ! tion. Clearly there Is
; a sharp break In"the T =composition curve between composlitions correspond-
- Ing to F~3 and F-4, ? high Epon 825 contents, the T, ls dominated by Tho
Epon B25 component; at high Epon 1004 contents, the Tg s domlhated by
that component, )
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) Table 20, Tg Data lor Serles F fpoxy Resins,

Eﬂ i
. T, % :
¢ Specimen q’ i
- from DSC from creep from Rheovlbron 1
; F-1 184 167 197
i F=2 163 147 174 ki
F=3 157 139 166 y
F=a 146 129 150 :
¢ Fu5 136 18 145 ;
ko d. Creep: }

Measurements of creep modu'us (10-sec) were made using the ;
Gohmun torsional tester, as describad in sectlon |V, Data were obtalned =
. : at times between 10 and 1000 sec., over a temperature range which spanned !
-3 the glass-to=-rubber transltion reglon, Creep or stress reloxatlion dls- .
' plays the transitlen reglon on log-time scale. Since a few degrees In :
temperature corresponds to a decade In time, creep or stress relaxatlion
provides a convenlent window to observe transitlion behavior with a high
.y degree of sens!tivity,

- A typlcal curve ls shgun In Flg. 23, The data are them shifted to
; ' obtaln a master curve at 150°C using ‘the time~temperature superpos!tion

3 princlple (28). Calcutatlions showed that the experimental andofheoreTlcal
(- vaéues for the WLF shlft factor, as, agreed well between T-~107C and Tg*
25°C. The tIme constant, T, (actually, the character|stic’retardation’
time) was measured at the Iﬁflecflon point of the transition In L.

1. Serles A Epoxy Resins (Varlable Stolchlometry)

As shown In Flg. 23 and Table 21, clearly T, changes very signifl-
R cantly==by orders of magnltude--as the omlna/epgxy'ra+lo and, hence, M.

L ls varled, reflecting the change In T, from 114°C fto 1687C. These values
agree well with values obtalned using dynamlc mechanical spectroscopy (sae
ki Tabte 12). Curlously, the slope of the transitlon wes constant except for

el

. specimen A=20; since the slope of the o transitlon In the E-T plots varled
v signiflcantly with stolchlometry, one might have expected a change In the
3 cresp transitlon slopes as well. Flnally, the creep hehavior at constant
b Mc Is Independent of which component !s In excess.

o

; i

b |
1"‘ l
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Table 21, Creep Data for Cpoxy Series A.

Specimen Tg, °Ca Er’ MPa lzgcrc, nb
A~7 14 30 -9.,7 ~0,36 |
A-8 140 33 =2.5 ~0.38
A~10 168 44 4,0 -0,42
A-12 151 50 0.3 ~0,38
A=20 100 10 -15.0 -0.63

8 determined by flnding +he temperaturs at which E = 2><108 Pa.
°n = d [log E (11/d Clog 7).

2, Serles E Epoxy Reglns (Unblended Commerclal Reslins)

Results are glven In Table 22 and Flg. 25, As with Serles A, The
creep behavlor Is very sensitlve to crossiink density, with vaiues of log
1 ranging between =6 and 7.6, dependling on the molecular welght of the
p?epolymer. In contrast to Serles A, however, the transltion slopes tend
to Increase steadlly as M. Incremses. In a sense, an Increase In epoxy
molecular welght seems to flexiblllze the system, thus sharpening the
transitlon. ()t should be noted that values of v _are greater than for
Serles A because of tho lower referenco Temperafu?a used with the T

sorles.

Interestingly, tho values of £n and T, agree well with data obtalnod

from other tests (soe Tables 17 and 14), = -
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Table 22, Creosp Data for Series b Epexy Reslns
{(Reduced to 12990),
- -
J Specimen Tg' °c E;_a, MP., log iy n
: E~1 /4 15 7.6 | =0.38
i
3 E-2 167 45 6.0 ~0,46
i E-3 142 50 3.4 -0.63
) E-q - - - -
% E~5 118 08 | =2.5 -0.59
E-6 108 09 -5.,4 0,71
i E-7 101 -6.,0 -0,80
4 _
8 At 7+ 35%,
9
4, Serles F Epoxy Resins (Blmoda| Blend)
Creep data are summarized In Table Z3; see also Fig. 25, In
i' general, at congtant M., Series F tends to bahave |lke Series E. There Is,
f however, a possiblilty that specimens F-2 and F-3% may dovlate somewhat from
; : the n-M. curve, and that specimen F-4 may deviate from the t.-M. curve.
I ~ The slopes for F=2 and F-3 are olso low when n !s plofted vs, +ho % Epon
g 825 In the blend, as In the value of v for Fd, Finally, the Ty for F=4
§ s, as noted before, slgniflcantly Iowar than expected.
§
2
f Table 23, Creep Data for Sarles F Epoxy Reslns
F‘!l (Reduced to 129°C).
f
)
o e o ! ('.
': Specimen Tg’ C £ Mg loq ¢ n
G F-1 167 45 1 10 7.6 -0.38
‘-'l
% -, 147 30 & 06 3.6 -0, 40
tl Fa3 139 50 £ 00 2.4 -0.39
QI P4 129 30 4 06 0.8 0,44
:; Fes 118 g 4 0l -1.6 0.1

9 pt T4 35°¢,
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o. Effect of Distributicn of M._on Viscoslastic Behavior:

In general, for a given average M,, variations In the distribution
of Mc may be expected to have |itfle or no effect on properties such as
glassy=state or rubbery modul!l, This expectation |s amply confirmed by
thls study, Effects on the transition behavior (e.g., T4 or slope of the
transitlon), could be expected In princlple, and have Indeed been proposed.
In fact, thls study shows {1++le effect, unless the dlstribution ls made
extremely broad, Whlle the deviations In, for example, specimen F=4 are
small, they exceed twlce the experimental error in some cases, and
anomalles are observed In & number of tests. At the same +ime, no evidence
for Incomplete curing has been notud for any spec!mens, and recasting of
F~4 gave & resin with essentlally the same propertles as the first specimen.
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SECTION VII

FRACTURE TOUGHNESS, FATIGUE CRACK PROPAGATION AND
STRENGTH OF EPOXY NETWORKS

; A, Introduction

! This sectlon deals with fracture toughness, fatigue crack propa-
: gatlon (FCP), and stress=-straln and Impact behavior., Measurements and
results are described after the general s discussed,

' a, Fracture Toughness:

‘ Fracture toughness may bo measured using elther of two approaches,
g based on concepts of elther a critical energy balance or a critical
: stress Intenslity factor (3t),

i The former concept Is due originally to Grifflth (60), who showed

; that crack extenslon In an ldeally brittle solid contalning an el!lipt!-
cal crack should occur at a stress, a, when the following relationship

holds (assuming a plane stress condltion):

: . /%S . fEG
? ° = ma  { na (19

where E Is Young's modulus, $ the surface energy of the solld, a the
crack length, end G (=25) the straln energy releasse rate. Pui
simply, the release of straln enhergy must excead the amount of energy
required to break honds and form new surface.

in fact, values determined for S Invariably greatly excead those X
calculated on the basis of bond fracture energles (31), Thus, even a 0
brittle epoxy exhiblts & value for § tne order of 0% erg/cm? = two !
urders of magnitude greater than calculated; more ductlie rosins show i
even greater discrepancies, Thus S should be conslidered as an "effective" {
fracture energy that Includes a dominant contribution from plastic
deformation, eviderce for whlch Is seen by electron microscopy.

The second concept 1s due to Irwin (61), who suggested that crack !
Ingtabl| ity could be expressed |n terms of the stress intensity factor ;
K - a measure of tho distrlbotlon of stress at the crack tip. Since K .
can be calculated from the applied stress, crack length, and geometry, ]
It Is an especially convenlent parameter for correlation purposes,

Catastrophlc crack propagation wlll occur when elther v or K
reach critical levels (o, or K.), corresponding In furn to critical
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valuos of S or G. The two concepts are essentially equivalent, and
2
G [ = __-K_Lq_——...
c” (20}
(1 - v3)

for the case of Interest here, plene strain, where v Is Polsson's ratlo.
Kie |s a useful materlal constant, though [t depends on temperature and oh
the mode of crack opening. (For simplicity, we shall use "K." below.)

The fracture energy, S, of the Epon 828/MDA system has been
determined by Selby and Mlller (17), and found to be dependent on both
the method of test and on the MDA content, tending to peak at an amine/
epoxy ratlo of 1.3, Values ranged between 0.7 MPa and 1.5 MPa,
depending on the test. Values reported for other epoxles range between
0.4 MPa and 1.5 MPa (62),

b. Fatlgue Crack Propagatlion:

Fatigue fallure may occur by two mechanlsms: (1) a therma! mode In
which fallure occurs by meiting due to hysteretic heating, and (2) a
mechanlcal mode comprising the |nltlation and propagation of a crack.
The rate of temperature rise, AT, characterlstlc of thermal fallure Is a
fggcflon of stress amplltude, u, frequency, f, and the loss modulus, G"
(<B):

AT = CfGMo2 (21)

whare C Is a constant, and G" Is itself a functlon of f and T. While
temporatures can, Indeed, rlse In the fetlgue of, for example, epoxy

reslns In composltes due to such hysteretlc heating of a whole specimen,
this study !s concerned with low=frequonclos and loads well below

those which wll! cause large temperature rlses. Of course, there may

be hysteretic effects locally, but the volume of polyrer affected s small,
and any effect will be seen as an effect on the mechanlcal propagation
rate.

Fallure of a resin takes place In two stages: Inltlation of a
crack, and propagation of the crack to catastrophlc rupture. While in
some cases, the Inltlation step may be the critical one, fraequentiy-ln
plastics the propagation step Is the most Important (63}, Thus, most
polymers contaln flaws Introduced durlng processing. Such flaws will
begin to grow after a certaln number of cycles - ths number being lower
the higher the stress applled. However, the Important point In determining
fatigue | ife Is the number of cycles required to grow these flaws to a
size which meets the requlrements of catastrophlc fracture (see egyuation
19). In fact, frequenily most of the fatigue life Is In the stage of
crack propagatlion; also, fallure may occur at loads woll below those
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required for static rupture. Hence measurements of fatique crack propa=
gation are of special interest in the characterization of toughness in an
engineering plastic; In additlon, approximate values of a quasi~fracture
toughness may be obtalned as well (see below).

The crack propagation reglon can be examined exclusively by
precracking (notchling) the test specimen so that the artificial flaw Is
essentlally ready to propagate. This approach has recelved Increased
attentlon recently (63) and was adopted In thls investigation.

A useful parameter to characterize the fatigue crack propagation
(FCP) response In hotched specimens Is tho stress intensity factor K
mentloned above (61). Derived from principles of fracture mechanlcs,
the strass Intenslty factor descrlibes the stress condlflons at the flp of
the advancing crack and Is defined by

K = Yols 22)

where K Is the stress intenslty factor, Y a correction for speclmen
geometry, o the stress, and a the crack length,

Fatigue crack propagation data are generated by cycling notched
samples within a constant load range and recording crack growth over the
corresponding number of fatigue cycles. Under tatigue condittons K wlil
also vary over a range defined by AK (calculated from equation 22), The
crack length a will also Increase, enabling the measurement of the rate
of crack growth per cycle, da/dN, over & range of AK. |t has been shown
(64), that the relatlonship between da/dN and AK can often be represented
by a simple equation of the form: -

il AAK" (23)

where A and n are constants for a given polymer. Other relationshlps
exlst, but offer no speclal advantage in dlscerning trends In the effects
of chemical structure and composition (63),

In additlon, usling equation 22, an approxImate value of K. may be
estimated from the value of AK..., the last value of AK noted prTor to
catastrophlc fallure, and the Poad range. |t has been shown that good
sgresment can be obtalned with values of K. measured lndependenfly from
statlc fracture tests (63). .

Using thls relatlonshlip between da/dN and &K, It is posslble to
analyze the FCP response of a polymer as a functlion of external varlables
such as frequency and temperature (64,65) and structural variables such as
molecular welght, composition, and plasticization (65-69), Using
equation 23, many correlatlions between fatlgue and structural parum:ters
have been made successfully, The followlng factors have been shown to
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enhance FCP resistance: crystallinity, high molecular welght, |inear!ty y
vs crosslinking, and presence of a rubbery inclusion, Sevaral spec!flc oo
points In these studles are worth notlng in more detall.

e 2o

First, while studies of controlled crossl!nking have not been made
until now, earller work In these lahoratorles showed that cross!inking
tends to Increase the slope of the da/dN curve and, at least at high
values of AK, %o decrease AKm slanlflcantly; each of thase effects Is a
measure of decreased toughness, Further, studles with a densely cross-
| Inked epoxy resin showed that stable FCP behavior could be obtalnad only
tor a tfew cycles, and then only by increasing the temperature, (A new .
possible solution to working with such brittle tharmoset resin |s C
described latsr; sese sectlon B-a, below).

e danite « . dat

Second, there ls an unexpectedly large effect of molecular welght
In llnear polymers such as poly(methyl methacrylate) and poly(vinyl p
chloride) (67,68); In fact, |t was shown that da/dN verles with the P
term el{exp) 1/M. {alues of' K. also depend strongly on M, rising sharply
as M exceeds the crltical va?ue requlred for chaln entanglements o
become etfective, and leveliing off more or less asymptotically at higher C
values of M = say, the order of 105, Howaver, even tiiough M Is [n the o
noarly asymptotic range, the FCP rate at a glven AK stlll depends
strongly on M, Hence a strong specitlc effect of fatiguo por se oxists -
an effect attributed to & disentanglement of chalns due to cycllic loading.
The higher the sverage molecular welght, the greater the reslstance to
fatigue; a high-molecular-weight tall In a broad distripbution also glves,
for ths same average M, enhanced fatigue res!stance (67).

SRSk BG4
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Third, the B transitlion appears fo play a role not oniy in strength
phenomena such as ylelding but also In FCP and Its sersltivity to
frequency. Thus the FCP rate Is hlghest at the temperature and frequency
corresponding to the B transitlion (63); The closer test condlitlons corres-
pond o the B transition, the greater the sensitivity of FCOP rate (at a
glven AK) to frequency-=the rate belng reduced by an Incremse In frequency.

P B

Fourth, It has been abundantly clear that crazing In advance of the
crack tlp Is a nearly universal phenomena In fatigue as wel! as In static
crack growth. Under some conditlons (69), the craze grows lncrementally
wlith each ¢ycle, and the crack then strlkes through, ylelding one striatlon
par cycle on the fracture surface, Under other condltlons, the craze may
grow for many cycles before the crack strikes through, ylelding one stria-
tlon for many cycles (so-called "dlscontinuous growth bands")., While
precise explanailons of the role of structure In craze formatlon do not yet
exIst, It seems |lkely that stable crazes, and hence & degree of crack
growth resistance, require the presence of even a small proporilon of high
molecular weight material (70). Although crazing has been reparted In

epoxies (15), nothing Is known about crazing and fatigue. |1 dows seem ;
Itkely that crazing will tond o be suppressed by tlghtly crosstinked not- :
works. In any case, fracture surface morphology ("fractography") can help \

in elucldating the micromechantisms of falliura (71).
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Finally, relatively [1ttle has been publlshed on fatligue in :
mono | ithic epoxy resins. Schrager (72) has noted increases In the shear
modulus and disslipation factor In an epoxy resin; a simllar effect has

been noted by Outwater and Murphy (73). It was suggested that cycling b
may have enhanced the degree of cure. Outwater and Murphy also found that N
da/dN was a {lnear functlon of 4K, Sutton (74) described FCP In a "repre- 4
sentatlve commerclal epoxy-resin" cured with tetrasthylene pentamine, and &
also found that equation 23 and a varlant which takes account of mean ) i
stress held very wall, The response was qulte sensitlive to mean stress; "

with da/dN at constant AK Increaslng by two orders of magnitude for a 5= oy
fold change In load ratlo (K, K'.p from 0.1 to 0.5). Tomkins and Blggs

(75) suggested that FCP In a brIT i epoxy 1s dominated by crack branching

-~a phenomenon possibly related to crazing.

c. §+ress-s+raln and Impact Behavlieor:

Several studles describe stress-straln behavior in epoxies; some
results being especlally relevant to thls program. Thus Selby and Miller
(17 reported that Young's modulus of the Epon 828/MDA system depended ‘
somowhat on stolchiometry, with minima at amine/epoxy ratios of 1:1 Jicr
(tension) and 1.1/1 (compression) - a finding apparent!y Inconslstent
with the expectation that modulus mlght be highest at equal stelichlometry,
1¥ it variad at all. Tens!le strengths also tended fo sxhibit a simliiar
minimum. On the other hand, Bell (46) reported essentlal Independence of
tensile gtrength on stolchiometry. Labana et al, (76) and Whiting and
Kltne ( 7 ) worked with different epoxles, but found slight variations in
tenslle strength and modulus with stolchlometry. Finally, Kaelble (59)
remlnds the reader that modul! and strengths In the glassy state should

dopend more on coheslve anergy denslity and polymer chemistry than on the e
network structure per se. (Fiastlclzation, however, could change the N
values sligniflcantly.) b

Impact strength has been studled by Bell (46) as a functlion of
stolchlometry. He raported essentlally nc dependence, thoaugh hls 1limited
data could pormit the concluslion Tthat lmpact strength may peak In the
amine-rich reglon.

B, Exporlmental Qetalls, Results and Dlscusslon ] k;

i -

a. Fatigue Studles A

: Fatlgue test speclimens used werea cast sheets (swe section VI-B) 5

1/4=1n (0,635 cm) x 3-In (7.62 cm) x 3=In (7,62 cm) In dimensions. Such 3

specimons are commonly referred fo as "compact tension spocimens., A b

" 1/4=1n (0.63% cm) notch was flrst cut Into The edgo using & saw; a veo %

% was thon cut using a fine Joweller's saw. Specimens were mounted using p

¥ pin qgrips, N
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To start the crack, o sharp razor blade was drawn across the tp
of the veo, and cyclling was then begun at o low load. The load was
gradually increased unt!l the crack was observed fo begin growing. This
procedure was satlsfactory for all specimens except those having 131
stoichlometry, though great care was necessary slnce only a slight In=
crease In load sufficed to induce catastrophic rupture.

For the 1:1-stolchlometry specimens, the above procedure proved
to be Ineffective, and stable cracks could not be grown., However, It
was found that stable crack growth could be Induced by rubbing the razor
blade to the vea whlle the specimen was belng cycled. In thls way, a
crack could be Inttlated with considerable dellcacy. Discovery of this
procedure constitutes a slgnlficant advance In dealling with specimens
such as brittle epoxies, The technlque also works with other polymers
which are prone to fall before a stable crack can be induced, and may
wel| open up the possibllity of studylng refractory materlals which are
otherwise most dlfflcult to handle.

For compact tenslon specimens, AK Is given by

YAPYa 1
aK BW (24) i
where AP |s the load range, B the speclimen thickness, W lhe specimen
wldth, a the crack length, and
Y = 20,6 - 185.5(a/w) + 655.7(a/w)? = 1017(a/w)3 + 638.9(a/w)% (25

All fatigue tests were performed on an MTS olectrohydraul le closed
loop testing machline operated at a test freguency range of 10 Hz and with
the load ratlo Pyip/Ppay = 0.1, Crack growth rates were mon!tored with the
ald of @ travelling microscope In Increments of approximately 0.25mm. K
was determinad from the last stable value of 4K rated prior to fracture,
after allowing for the load ratlo used (63). All fatligue tests were run In
laboratory alr. Fracture surfaces were examined by scanning alactron
mlcroscopy.

“
3

b. Fracture Toughness

o = L LIS T R

Data for serles A, series B, and serles D are glven In Table 24; see
also Flgures 26 and 27, Clearly, values of K, Increase smoothly as the
amine contant 1s lncramged. In terms of fracture cnergy, we have a range
from 10 J/m¢ 1o 440 J/m¢, In qood agreement wlth values reported by Salby
and Mitler (17) based on diffarent tests, As expected, serles D (curod ‘
with Versamid, wnlch confers flexibi]ity) exhiblts olTIT Wilgher fracture !
toughness., Since KZ = ES (equation 20), and since E In foct Increases
silghtly with the smina/opoxy ratlo (see Sectlon V1), the princlpal effact
of amine excass 15 to conior ductllity (In the sense of plastic deformation) )
and hence Increase 5. )

.
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Table 24, Fracture Toughness and Fatigue Characteristics of Epoxy Reslns E
(Serles A, B, D). g
' Amine/ 32 b Slope of .
Series Type . Specimen  Epoxy  AK KC,MPaﬁﬁ da/dN
Ratlo . Curve
Variable .
Stolchiometry A-7 0.7 0.50 0.58 9.3 '
A-B 008 - hnd -
A9 0.9 0.49 0,63 19,3 e
A-10% 1.0 - - - -
: A=10A 1.0 0.53  0.73 N .
i A1 1L 0.58  0.78 7.1 i
: A=14 1.4 0.75 0.93 17,6
! A=16 .6 0.72 0,93 18,3
' A-18 1.8 0.79 0.98 8.0
.; A-ZO 2.0 Ol83 'po 9.9
i
: Epoxy/Versam!d D-2 1.0 0.68 1,00 7.9 d
Type D3 1.0 0.68 .22 7.9
-
Epoxy Blends B 1.0 0.53 0.72 13,6
(Mc z 326) B-2 .0 0.57 .80 1.6
B-3 1.0 0.57  0.76 15,8 8
B4 1.0 0.57  0.78 10,8
B-5° 1.0 0.53 0.72 13,6 k'
At da/dN = 3 x 1074 mm/eye. 4
b Calculated from relatlonshlp K = AKm,X/O.Q. ;
4
€ A-10 and B~) are equivalent; A=I10A 1y simlilar, but cured with 99% MDA 4
Instead of Tonox, ~ H
- "‘
8
3
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' Flgure 26, Frachra toughness, K., and FCP parameters AK# {AK at da/dN >
3%107" mm/cye), and slope of the da/dN curve os a functlon
! ol the stress Intenslty factor rangu, AK, as function of %
F; stolchlometry; clrcles and triangles for serles A, open ;
k corresponding to A-10A; shaded aroa for serios B, :
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Flgure 27, Fracture toughness, K., and FCP parameters AKf {AK at da/
dN 3x10-4 mm/cye), and slope of the da/dN curve as a function
of the stress Intenslty factor range, AK, as functlon of M.:

, opan ¢lrcle, amine excess In serles A; closed clircle, gpoxy

i excess; shaded ares, serles B; open triange, series E;

: closed trlangle, serles F,
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On the other hand, an excess of apoxy rosin decresses K., Since E 1s
Increased by such excess, the value of § must be slgnIchanTIy lowaraed by
the prosanco of branchued epoxy structures. (For discussion of the contra-

dictory trends In Ko, tenslle strength, Impact strength, and vensile
energy-to-break, see section e).

Although serles B blends appear to be sllightly wougher than series
A controls, the effect does not seem to be statistically signlficant,
Hence, a moderate distribution In M. does not appear fo Influence K,
appreclably,

All sarles F resins (Table 25, Figure 27) exhlbited values of K,
close to thuse of series A, Although data for serles E resins appear to
scatter more than those for serles A, specimen F=5 stll| seems to exhibit
a high value of Kg In compar!son with |ts counterpart, E~5-=a value hligher
than those of Its constituent resins, E~1 and E-7, This polnt is worth
further Invest!gation,

So far then, fracture toughness Is Increased by Increasing the
amlne/apoxy ratlo or by Increasing the molecular welght of the epoxy pre-
polymer. On the other hand, contradlictory effects of distribution In M.
are observed In the |imlted humber of systems studled, the direction of
the effect differing In Versamid and MDA systems,

Table 25, Fracture Toughhess and Fatlgue Characteristics
0f Epoxy Reslins, (Serles E and F)

a b

Serles Type Specimen at K MPavh n®

Unblended Conmercial  E-| 0.51 0,87 9,2
=28 0,53 0.72 13,6
[=3 - - -
t=-4 - - -
£ 5 0,72 1.07 ' 10,5
E-6 0.70 . .02 15,4
E-7 - - -

Bimoda| Blends F-1 - - -—
F=2 -- -- “-
F-3 -- -- -~
Fd - -- --
F=5 0,78 |.56 11,9

°At da/dN - 310" mm/cyc. Calculated trom .viatlonship Ky = K, /0,9
“Slope of da/dN curve.

d X

E-2, B-5, and A=10 are equlvalent; see Tables 3, 4, and 6,
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c, Fatique Crack Propagation (FCP)

Several FCP parameters are presented In Tables 24 and 25, and In
Figures 26 and 27. The behavlor ltself Is |ilustrated In Flgures 28 to 32,
Inclusive.

First, for Serles A, the data show that, Just as K_did, values of
4K" {a measure of the energy to drive a crack at a glven eelocl+y) Increase
as the amlne content Increases, Data for Serles B fall, with!n experi-
mental error, on the same curve, In contrast, the Serles D resins are
Identical tn their behavior, except forsthelr K values.. This findIng
Is In contrast with +he resul+s of Selby and MIFler (17) and Bell (46),

_who found maxima In stetic K and Impact strength, respectively, as a funce

tion of amine/epoxy ratlo, s8e also the contrast with tensiie data
obtalned In thls study (Saection ),

In any case, the results are qulte selfeconsistent, ang should
sarve as a standard of reference for future work, Indeed, AK' correlates
well with K (Figure 33) - a relationship suggested ear!ler by Manson
and Her+zbe?g (64), Thus, in contrast to metals, |+ was shown that the
higher the static fracture toughness, K , the greater the value of AK
required to drive a fatlgue of Interest here exhiblt a simllar phenomenon.

Further work will be required to clarlfy the role of distribution
in M_ on FCP rates, However, so far, modest changes In distribution do
not §ffect FCP behavior signlflcantly.

d. Fracture Surface Morphology

Fracture surtfaces of all resins examined resembled those of other
glassy polymers (71), with a classic combinatlion of smooth and rough
reglons and river-|lke features running in the directlon of +he crack. As
wlth other crosslinked polymers, there was thus evidence for considerable
plastic deformation,

In view of current findings that fatigue cracks often grow dis-
contlnuously =« that Is, many cycles belng required before the crack Jumps
to a new posltion -- surfaces were examlned for evldence of fatigue strla-
tlons corresponding to crack jumps. Although strlations could be seen,
they were foo falnt to photograph., However, thelr spacings were measurad
at various locations (corresponding to partlicular values of AK and crack
length a. As shown [n Flgure 34, da/dN curves constructed usin
vatues of da/dN thus derived were plotted agalnst AK, along wl+ﬂ data for
specimen A-20, Clearly, the cracks grow Incrementally =- one Jump per
fatlgus cycle. :

With other polymers discontinuous growth has been shown to refisct
the -growth of stable crazes ahead of ths growing crack. |f crazes do grow
ahead of the crack in these epoxles (and no dlrect evidence has yet boan
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found), the crazes must be able to reslst only one load cycle -- a
phenomenon found w!th other polymers only at very high loads or high
molecular welght,

Finally, no evidence was found for the exl|stence of large aggre~
gates of mlicroge! (see section ViI|. Thls observation does not, however,
exclude the possiblilty that such aggregates exist, for the crack could
pass right through them, as Is the case with poly vinyl chloride. The
use of selective etching, as reported In Sectlon VIIH, should bo helptul
in settling this question.
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o, Stress-3traln and Impact Behavlor

Tensite tests were made using an Instron tester at room temperature
according to ASTM test D-638-68, type IV, with a crosshead speed of 1.27
mm/sec. Young's modulus, (E), ultimate fensile strength (o,), yletd
strengvh (o ), ultimate eiongation (¢ ), and energy-to-break (T) were
determined.

Impact tests were conducted according to ASTM test D=256-70, method
B (Charpy type, notched).

Results for the varlous serlies of resins are presented and dlscussed
below, :

1. Serles A Epoxy Resins (Variable Stolchiometry)

Tenslle data are presented In Figures 35 to 38, as a functlon of both
amine/epoxy ratlo and Mc, In general, results are simliar to those reported
by Bell (46), Selby and Miller (17), and Whiting and Kiine (7), Values of E
and ¢, do tend to be lower and higher, respectively, probably due to the use
of the thinner specimens In thls case, with consequently greater plastic
deformation at the edges. As noted by others (7,17,46), ‘the apsolute magnl~-
tudes of oy, E, and ¢, vary |ittle (2208 at most) over the whole range of
s+olch|ome¥ry. On the other hand, the toughness or energy=to~break, T
(corresponding to the area under the stress-straln curve), shows a 2-fold
variation (consistent with systematic variations In o, and ey.)

This general relative lnsens!tivity ls as predicted for tests In the
glassy state (59); glassy-state propertles shouid be more closely related
to cohesive snergy denslty (that Is, to the spec!fic polymer chemistry of
the gystem) than to +he network structure. In other words, |f the polymer
behaves as an elastic, brittle solld, one would not expect major dlfferences
In glassy behavior. Nevertheless, as may be seen from Figures 36 to 39,
small but consistent second-order variations In E, o,, and =, can be seen,
wlth mexima or minima noted, usually when the amine s slightly In excess.
Interestingly, values of E and o, ere more than 50% ot the values predicted
theoretical ly for a brittie glass (59), conflrming that the specimens are
reasonably wsel |-behavaed.

In some cases, for a glven M, the tenslle behavior depends on which
component Is In excess. A simllar observation was made for some visco-
elastic behavior (see Sectlon V).
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values o/ impact strength (Flgures 39 and 40) agree reasonably
well with Bell's (46), though the peak with Serles A is shifted slightly
and flattened. As wlrth T, Impact strength is more sensitive to stolchlo-
metry than are E, o, and €,

In summary, modulus and strength tend to be higher when amine or
opoxy Is signiflcantly in excess, while Impact strength tends to be lower,
For further discussion of the Interplay between tens!le and Impact properties,
fracture toughnass, and morphology, see sections VI||==3.4 and IX.

2, Serlwvs E Lpoxy Resins (Unblended Commerclal Resins)

Tensile data for Series E are glven In Table 26 and Flgure 36,
Results are In reasonable agresment wlth those of Serles A, when plotted
as a function of M_, though the data are scmewhet more scattered, with
results 8t the hlgﬁes+ M_tending to fall below the trend for Serles A,
in general, however, as §ith viscoelastic behavior, tens!lie behavler
tends to follow M_ regardless of whether a particular M_Is obtalned by
changing s+olch|oﬁe+ry or by changing prepolymer molecufar weight.

Table 26, Tens!le Data for Serles E Epoxy Resins

Sample T Elongation. m!é,GPa o, WPa ‘ ayﬂTﬂﬁé
Eaf 9.9%).0 [o122,12 6943 -
Ew2 12.7%1.2 115,11 7542 -
E=3 12.322.2 1.13£,10 7613 -
g-4 9.0£0.5 1.34£,10 7443 -
E-5 10,520,7 52,13 6943 7520
E-6 10,8%1.7 254,05 6417 74310
E-7 - - - -

EYleId Strength (where observable). )
Actual stress at fracture. - S ) -

Impact strengths (Flgure 40) do not agree as well wlth +hose of
Series A as did other properties (perhaps due to dl!fferences In operator
tachnique, Impact tests belng very senslitive to this factor). However,
the results are Internally consistent, and show, In contrast to the
case of Series A, a tendency to docrease as M_ Increases (that ls, as
the prepolymer molecu'ar welght Increases).

95

hﬁ&&s&-cz<;m_i;‘..rcrﬁaﬁ&w-“\b s S

PREPRPEINEL YR~ SRR -




k-
|1!
-0
3
:-
Y
a3 ]
I’!i .
v |
b ! :
5 |
Kii.. { !
bl - |
{‘?. |
; l
] ! !
?
! o] o |
-
i
)

1, 107 J/m

o “i:j
v ‘v
|
I |
l . n
| 8 0 |

Amine /Epoxy Ratio

Fig. 39. Charpy Impact strength, |, of Serlies A epoxy resins as
- functlion of emine/epoxy ratlo. - - i

i /
N
3
|
k! |
f ‘
i ]
B ““
: :
|’ x
;
l .
‘ .
: i
4
E ‘
: 1
J ‘
)
; .
[l
f' !
By
B
L
2

T




TRTER
e e

b t
A i
i
i
;.
[
. |
fer

s # dam e o e ot M o 1+ e g« Y T W 23 T

LS
a
- o
P o] (o]
} —
; | %107 (f/?/ &~o
J/m sl 00— o
S TR ——_f
S ,
; ¥
v 3
‘ ! |
i i i é Ld 1 1.1 3 1 | 3
| 3XI10 10 3XI0
Mc
Fig. 40. Charpy Impact strength, |, as tunction of M'c: closed clrcle, ]
epoxy excass In Serlies A; open clrcle, amine excess In
Serles A; open triangle for Series E; closed triangle for i
Serles F; and squares are Bell's data (1ref, 46). 1
3
;
!
b ‘
; ‘ 97 4
LM“ AT HEAT L DI O NG e Al o T W 3 VLA b Vs i AR i it o P CRUNUNETTITO PRV PR SRS NTELY b e




Bamm et ey

[T T L N

e e —— TR e L . L

[w)
o
1
——
/ 4
]
, )
-
H ]
] \

N o
.||hur1a .
/ i
..lIOI......U

\
i 3 .1 1 1 o
(@] < o o !

R ° n <3 Y

uw/p ‘ybusys joedu)

G S S

Impact strength and g-transition temperature for

(]
[=
w
o
1 8
>~
X
o
a
[}
t
o0
<
| -
Y
w
<
o
1
3
o
(i

98




e i 31 S STREN 8 MPTT

i vt e St semm - o

Table 27, Impact Data for Series E and Serles F Epoxy Resins

Sample impact Strength, J/m Sample impact Strength, J/m :
E- 5016 Fu1 4212 f
E-2 4343 F=2 4183 ]
=3 4214 F-3 3842 [
E~4 - e 4)43 f
E-5 40t4 F=5 3744 i
E-6 3447 f
E-7 -

In view of +he fact that Impact strengths may be related to the
g-transition bahavior (77), the relationship was examined with Serles E,
It was found that the higher Tg, the greater the impact strength (Flg. 41),
This behavior was not noted wl?h serles A, Concelvably this reletlonshlp,
which agrees wlth some results reported by Vincent (78) but which dlsagrees
with other rusults In the |!terature, may be due *o & role of tan 6§, which
would be hlgher, the closer the test temperature to Tg.

3., Serles F Epoxy Reslns (Bimodal Blends)

Tens!le data are summarized In Table 28 and Flgure 36. In general,

values of E_and o +end to fall below the values reported for Serles E
(and Serles®A),

Teble 28, Tens!le Date for Serles F Epoxy Resins

Sample % Elongation EQ,GPa ou,MPa O MPa
F-1 8.542.0 | .20%. 1) 6349 -
F=2 10.141.6 - 1.235.10 155 -~
F=3 9.611.4 1.241,13 7746 -
Fed 7.2:"8 |u'0i'|0 621:'0. -

F=5 10.540.7 |.30¢.31 6412 7345




Impact strengths, on the other hand (Table 27), agree wel! with those
found for Serles E, though they too lie below the range found for Serles A.

in short, the bimodal blends may indeed stow some deviations from
the behavior for other epoxy resins, but the dlfferences are smal|. The
greatest deviatlon noted was for specimen F-4, which, az noted above,
appears Yo be anomalous |n other respects,

f. Correlation of Tensile, impact, and Fatigue Date

In any attempt to correiate mechanical data, the basic differences
In tests must be kept In mind, Thus, tenslle tests are run at low rates
using unnotched specimens, Impact tests are run at high Lafas using, in
this case, bluntly notched specimens, and K. tests are fast using sherp
notches. It must mlso be kept In mind that varlous parameters may act In
opposing ways; for example, plasticlzation tends to enhance elongation but
to weaken the materlal as well,

An example of the competitive effects may be seen In the case of
serles A, As dlscussed above, K. Increases monotonically by a factor of 2
as the amine/epoxy ratlo 1s Incréased, while o, flrst decreases and then
Increases. The question of Griftith's (60) erltical tlaw slze, 8, was also
of interest. To evaluate reletive changes in 2 4¢ stoichiometry was varied,
values of a were estimated from the following equation:

2

K, = & 9,72 (26)

where 2 = the radius of a hypothatical dlsc-shuped flaw embedded-1h &
tensile specimen, wlth the plane of the disc perpendlcular to the tensile
exis, In this simple example, o , Is taken to be the smooth=bar tensile
strength and K$, +he fracture fnghness. While an actual flaw may not
correspond to this mode!, the trend nf the calculated values wili not be
affected.

Calculations with serles A show that a Increases monotonically from
32um to !41pm as the amine/epoxy ratio |s Increased from 0,7 to 2.0. Values
ot g for serles E range between 72um and 337um, depending on the epoxy mole-
cular welght., These values are In the range of slzes of heterogeneltles
observed by the SEM (see section Vill),

- Several correlations do, however, pose speclal problems. Why in
serles A does Impact strength rise and then fal! as the amine/epoxy ratlo
ls Increased? It Is difficult to see why the decresse would occur when K.
(and hence the resl!stance to growth of a crack) Is Increasing. Also, why
should the modulus Increase In emine and epoxy-rich compositions? No clear
answer Is evident,




SECTION ViII1I
MORPHOLOGY AND NETWORK MODELS

A. Introduction

Since the propertlies of thermoseiting polymers depend on thelr network
structures, the morphology of such polymers has |long been a subject of con-
siderable theoretlcal and practicel Interest [for m recent review, see Morgan
and O'Nea! (15)], Thus, !t Is well known that the tens!le strength of thermo-
set resins Is less than predicted theoretically on the basis of the breakage
of primary or van der Waals' bonds (59), and |+ was proposed long ago (78)
that the dlscrepancy was due to the rupture of weak raglons created during.
network formation. Indeed, It has been shown (23) that high Internal stresses
can be developed during curlng, especlally when the curing rate 1s low. This
view of the role of structural defects |s also glven credence by modern
theorles of fracture mechanics (31), which emphaslze the concept of ‘the
concentration of stress at a flaw (see sectlion VII),

Other lnvest!gators [9,22,23,59,76,79,80; see also other references
¢clited by Morgan and O'Neal (15)] have emphasized a view of the network as
essentlally a composite, with a high=cross|ink-dens!ty (essentially spherical)
phase (often considered as a microgel) embedded In » |ess-cross|inked matrix.
In fact, I+ |s probably generally accepted that, regardiess of spec!flic
detalls, the curing of thermosets results In an Inhomogeneous, two-phase net-
work. Inhomogenelty has been attributed to compatibliity probiems or non-
optimum curlng conditlons (59}, but has alsc been proposed to be Inherently
characterigtic of gellling systems (76).

The exlstence of Inhomogeneltles has been inferred from results of
dlverse Investigations using many fechniques, including electron and optlcal
microscopy, thermomechanica! memsurements, dlfferentlal swelllng, und
differsntlal scanning calorimetry, Dispersed phases have been referred to
by such terms as "micelles," "globules," "floccules," "nodules," and
"microgels.” In thls study, the term "microgel™ will be used.

In general, two levels of slzes have been reported In the |lterature--
ona (type A) ranglng from |0nm to 40nm, and the -other (type B) from 20um to
200um. |+ has also besn shown (23) that slow curlng rates result In larger
microgels (type B) which result In a network having hligher T4, denslty, and
reslstance to etching., The surface propertles of the nafworﬁ depend on the
surface energy of the mold material and on the atmospheric environment (22,
25), The slze and density ot these microgels have also been related fo the
presence of plasticizer (81), radiation damage (82), prolonged exposure to
heat (B3) and aging of the resin (84),

01

merem o e s

- et et - 4

¥

1
1

x‘
. I
DAYIL AL I TIISIVAG O RRE AIAR AN A TN, SR M



S o

.-W_ il 0

Studles (25) have also shown that certaln substrates such as teflon
and sllicone moid release agent glve feotureless surfaces, but subsequent
etching of the suface show the two-phase structuro (25). Microtomed thin
sections and small|-angle X-ray scattering fail to Indlcate two-phase
structures (17), probably because the electron density of the dispersed
phasc and the matrix are not sufficlently dlfferent,

Both low tenslle strengths and nodular morphology In thermosets
have been theoretically related to dlfferences In crosslink denslty (22,
76,80), At the same t+ime, the fact that the yleld strength of some epoxies
s falrly independent of stolchlometry, has been attributed to the role of
microyels as primary flow particles (15),

In +hls study, morphology was examined as a functloh of stolchlometry,
molecular welght of the epoxy prepolymer and distribution of Mc in blends,
Results are discussed below and implications proposed with respect to model

behavior.
B. Experimental Deta!ls, Results and Dlscussion

a, Morphologlical Studles.

Various etching technliques were trled to study the micro- or
macro=structure of epoxy networks ("macro-" Implying a morphological
feature on a scale of um or larger). Surfaces (not fracture surfaces)
of sample E~2 were etched with HF acld for 30 minutes, with acetone for |5
days, with argon &t high voltage under vacuum for i0 hrs, and with a
molal aqueous solution of Cr,0, (17) at 80°C for 7 hrs. The etched
sampies ware examined under ;hg SEM. Of all tha methods Cr20 etching
proved to be the most effective, Argon=mliling did produce sgme effacts
but not as extenslvely as Cr 03 etching. Then the effect of etching time
was gtudled on sample E=-7 wl?h a molel aqueous solutlion of Crzo at 80°C.
The specimens were examined after soaking for (/2 hr, | hr, 2 h;s, 4 hrs,
and 7 hrs, respectively. |t was observed that | hour was not sufflclent
to etch the surface., As shown In Flgure 42, progressive etching revealed
a very Interesting macrostructure with feature slzes of ~ 10-40 um,
Chemical etching renders the less coherent polymer constltuents
more soluble In water without appreciably affecting the solubllity of the
high molecular welght materlal, 1f the high molecular welght material
s cannected by weak bonds to the matrix then these weak bonds would be
attecked first thus etching out the unattached hlgh molecular material
first, before etching the low molecular weight matrix. To study the
microstructure of the cured resins, using a two-stage repllcation technlque,
an etching time of 4 hrs, was tound more convenlent, Repllcas made from
7<hr-etched surfaces caused expsrimental dlfflculty on the mlcroscope.

Samples of Serias A, E and F were etched for 4 hrs. at 80°C In
a8 molal aqueous solutlon of Cr,0,, and two stage repllicas were made to
study the fine structure. SIm?lgr samples were also etched for 7 hr in the
same medium to bo scanned under the scanning electron microscope (SEM) to
determine the gross morphology, Detalls are discussed Lalow,
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f. Serfes A (Varylng Stoichiometry) E

Examlnation under the SEM (Fliqures 43 and 44 ) revealed a two-phase o
structure.  Dimples were obsorved on the surface, the dimple slzc Incruas- -
Ing with the amount of MDA In the amlne-excess region, .amples having an T
epoxy excess appeared to be smoother than samples which have simllar M C i
but an excess of amine, The slzes of these phases varled {rom |Oum Toc70um ' o
depending on the percent excess of reactants, In agresment w!th slzes reported il
by Cuthrell (22), |t was also observed that above an amine/epoxy ratio
of 1.6/1 the morphologleal difference was negliglibie.

The two-stage repllicas examined with the transmission electron ;
mlcroscope (TEM) also revealed the exlstence on a much finer scale of e
two phases (Figure 45). |1 should be noted that dimples on
two-stage replica represent elevations or nodules on the actual surface
and vice-versa, The repllcas showed nodules on the surfaces, corresponding .
to dimples on the polymer surface, as described by Raclch and Koutsky (25). o
(One must be very careful In Interpreting statements about features seen
in replices, A nodule in a two=st#ge repllica arises from a dimple on the ,
polymer surface; In turn, the dimple may refiect the popplng out of a bl
polymer nodule.) The phase slzes were found to be In the range of 20nm
3 to 200nm, |t was also observed fhat as the amount of amlne was Increased -

) . from equal stolchiomstry the phases .increased In average slze. "The apoxy= _ b
f excess samples had smaller=-size domalns, In any case, o

i 2. Serles E (Commerclal Resins, Varylng Prepolymer) b

In these cases also (Flgures 42, 46, 47), a two=-phase=structure was

} found, A marked difference in morphology was also observed o exist In the R

; specimens from |iquld resins as compared to those from solid and seml-solld e
resins, In the samples from solid and seml=-sol!d resins, highly crossl Inked 3

. shel|s were observed encapsulating less-crosslinked mater-ial, -

It was also observed that the morphology was simllar throughout the 3

thlckness of the samples (Figure 48), Also, the Inhomogenelty did not arise I
from poor mixing for casting from acetone solutlons ylelded simllar behavior. k-
(In thls case, using a fraction of Epon 1001 obtained by precipltaticon from ;
solutlon by adding nonsolvent,) The discontinuous phase slze wae found to
Increase wlth Increasing molecular welght of the prepolymer. The volume of .
the contlnuous phase was found to decrease with Increasing molecular welght E
of the prepolymer., The domain slzes of the large discontinuous phase wers 3
tound to be-In the range of 10um_to 70um depencinyg on the type of prepolymcr .
used,

e e am Y e e o

I+ was observed that all the samples made from the soild prepolymers i
had nearly the same flne structure having the dlscontinuous phase In the . ;-
range of 10nm to 20nm. A
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: Flgure 42, Scenning electdn mlcrographs of epoxy (E=7) surface i
etched wlth aq. Cr,04 for varlous periods of time:

! A2hr,B4hr C%hr. and D=11 hr,
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Flagure 45, Seanning oloctron micrographs of sorles A ppoxy resing
Catched 7 hye In Crofi) s A=A<T, B=A=6, C-=A-10, and
A=11, n
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Scanning electran mlcrographs of SO0 los A"r,poxy ru? :
fetched 7 hr In Gro0,):  A=A-14, [1=A-1b, C-A-18, D=A=20,
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Fiqure 4% lectron mi-rog-aphs of rop!icoen made afler efehing .

samplo ot serfea A for 4 e dnoar, Croye A-A-7,

A BoA=d, CoA=T1, DrA=10, UoA-Tn, T=A=20," ;
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Scannlng electron micrographs of sertes [ epoxies
etched with aq. Cr,03 for 7 hr: A=E-1, B=£-2, C=[-3,
=E-%, E=t-6, F=E-7,

Figure 46,

1n8

y : . ‘
Mmmwmmmm"*‘w"- HEARET L g adaidatbi 2 Fmres o st S L A 8 L e AL S ¢ Yot ® Tres S ek eat s s b 4 e e oy el




a1

Hg
'.

- Y ‘_f,n!

TS

e T ocr S

il »ﬁfﬁ"“ X

.
"
¥3

e

TS

R i A s

- 2t i 02

e e

e B 57

- Flgure 47. Electron micrographs of 2=stage roplicas of series E
samples etched for 4 hr In ag. Cr 032 A=E=-{, B=E~2,
C=C-3, D=C=%, L=(-06, F=C-7, ‘
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?i Figure 48, Electron mlcrograph of Epon 1001/MDA wpoxy (E-5) atched ¢

for 7 hr In aq. Crz03. A and B, cross-sectlon area;
. C, surface; D, resin cast using an acetone solution of

F: a fractlon ot Epon 1001, :

: B

: |
]

e o L \




AN T AT TR e T TN

I

3, Serles D (Cured with Versamid 40).

These samples also appeared to have & morphology simliar to the
samples mentloned above (Figure 49), The size of the dlscontinuous phase
was much larger Because It had a higher M. and lower glass transition
toemperature (n80°C), and hence was e+ched out much more,

4, Serles F (Bimode! Blends)

In these cases (Figs. 50-52), the gross morphology appeared smocther
and different from thelr equlvalent counterparts of serles E. However, the
fine structure did not look much different from that for the equlvalent
counterparts of serles E.

5, lsolation of Mlcroge!|

To determine whether the dimples observed In SEM & TEM were due to
the extractlon of higher molecular welght materlal (l1.e., clumps of micro~
gals) or of lower molecular welght phases, the followlng experiments were

one,

Samples of E=-2 and E«5 were dissclved before gelation In acetone,
Slnce E~2 has a much Ionger gelation +ime than E-5 |4 JHas dissolved Ii
acetons after curing at 60°C for 30 minutes and at 80°C for mnother 15
minutes, On +he other hand, sampie E-5 was dlssolved In acetone after
curing at 100°C for only 10 minutes. The solutlon was diluted to 100 ppm
and electron mlcroscope grids were made. Sim!larly the cured f1ims of
these resins wgre cut Into small pleces and etched In a l-molar solution
of Cro03 at 70 The etching solutlons were then diluted and electron
microscope grlds wele prepared., Electron micrographs are shown in Flg. 53,

In both chases microge!s were observed, Indicating that microgel
formetion takes place before gelation and that the microgels are dis-

" persed and joosely connocted to & weaker continuous phase and creating

the holes on the surface observed eariler. This experiment also made I+
clear that the dlscontinuous phase (though etched out first as ciumps)

Is composed of microgals which are stronger than the contlinuous phase,

I+ Is the connectlons bstween the aggregates that are weak. The s!ze and
numbar of these gels keep on increasing +iil the vlscoslfy becomeb high
enough for gelation to +take place. .

6. Concluslons

Clearly small microgels (~100 nm) are formed, even betore gelation,
The particles appear to be embedded In a matrix of lower crosslink denslty,
though they may also aggregate together. In the case of solld prepolymers,
an addltlonal phase is present: shells of highly crossiinked resins In a
matrix of lower crosslink denslity, but contalning material of still lower
crosslink denslty.
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; Figure 49. Scenning electron mlcrographs of Epon 828/Versamid 40
y epoxy (descrlbed in referance 49; contained glass beads).
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Figure %0, Scanning eloctron micrographs of sories I epoxlies,
etchad 7 hr with ag. Cry0z and thelr counterparts in
sorlos £: A=E=2, B=F=1, C=E-5, and D=F=%. Spocimens
=1 and F-5 were blended to match E~2 and =5,
respectivolty.
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Flqure 51. Scanning electron mlcrograph of serles F epoxles
etched 7 hr In aq. Cr70~: A=F-2, B=F«3, C=F-4,
D=E-~3; specimen F-4 |g ?he counterpart of specimen
f-3,
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Elsctron micrographs of 2-stage rep!lcas of serles
epoxles, etched 4 hr In aq. Cr203: A=F-1, B=F-4, and
C=F-£,
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i Flgure 53. Electron mlicrographs showing microgel particles )
from epoxies (using formulations for E-2 and E-5),. ;
i A and B show ge! particles eiched out from cured
i opoxy by aq, Cr,04 affer 4 hr at 70°C. C and D 5
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b. Mode! for Network formation:

e e s £ e =
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Even though paradoxical behavior stlll exlsts, It Is Interesting
to speculate on what kind of model network would be reasonably ¢onslstent
wlith the morphologlcal and property data at hand. The principal polnts
to conslder Inciude the followlng questions: the basic morphologlcal
unit or units, the phase continulty, and the cross!ink density and other
propertles of the varlous eutltles,

Flrst, alectron mlcroscoplc evidence shows that microgel particles
trom prior to gelatlon (Flg. 53), both with low and high-molecular-welght
epox|es, and with epoxy and amine~rich systems. [Even with an excess of b
smine, Insoluble and cross!inked polymer |s formed, presumably because U
of reactlion of soms secondary amine groups (46).] Thls conclusion Is In ;
accord with the suggestion of, for example, Bobalek et al. (80).

These particles should have slzes of the same order of magnltude,

though they may tend fo be somewhat larger, the higher the prepolymer
molecular welght, as predicted theoretically (76). As curlng proceeds,
the number of particles Increases unti| they beglin to Impinge on one
another. Then, In part due to caplllary forces which will encourage
physlcal sintering, and In part dus to the reactlon of unrsacted
functional groups, the particles first agglomerate In clumps aid then fuse
together with concom!tant phase Inversion., In effect thls model adds an
agglomeration step to the model proposed by Bobalek et al, (76) (see Flg.
54), The formation of large mggregates Is compatible with the critical
flaw slze found In sectlon VI,

Now we propose that, at least In some cases (such as when one
component !s In excess), & separate phase may collect In the Interstices
and ultimately undergo polymer!ization (wlth second~stage microgel formation)
glving In effect an interpenetrating network., When co-solublilty Is
especlally low, as with the solld epoxy resins, the first continuous
natwork formed may actually establish a skin within which curlng proceeds
again, with secondary mlcroge! formation,

In any case, the nciwork which reacts first will (1f analogous
to the case of Interpenetrating networks - see sectlon V) should dominate
properties, ocvon for tho same average M.. Also this network will have
more time to coalesce and enhance Its continuliy.

With a high-molecular welght epoxy, microgel formation should be
completed early, Large aggregates may be formed, but the connectlons may
bu Inherently weak, WIth an excess of amine, microgel should agaln be
tormed varly, but the plasticlzing effect of the amine may enhance the
development of onhanced contlinulty,
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Whether the critlcal flaw slze corresponds to the agaregates first
formed prior to phase inversion, or whethor It correspunds To tho In-
cluslons s, of course, not known., Indeed, the reallty of a flaw
corresponding to the calculated value of a Is not proven. Nevertheless,
the close agreement between mlcroscoplic evidence and the compuled flaw
slze |s strongly suggestive of a correlation,

Now as the amine content is Increased, the overall plastic
deformation will be Increased due to the plasticlzing character of The Do
amine, while the modulus E |s not decreased (in fact, Increased). Hence | 1
S and K. Increase. E Itself may well Increase due fo enhanced continulty ;R
of the network. At the same time the flaw size Increases, but not as
fagt as S so that tenslle strength actually Increases a |1ttle. But with
an epoxy excess, the decreased flaw slze (corresponding to smaller aggregates)
more than balances out the lower value of 5 so that strength again In-
creases. However, the ‘toughness otherwise seen at high amine contents Is
vastly reduced by the hlgh loading rate In Impact, while with epoxy
excess, The smaller flaw slze Is able to delay fracture,

When the molecular welght of the epoxy Is Increased, different
; behavlor occurs. The Inherent S of epoxy components ls low compared to
¥ that of amine, and hence tenslie strength does not Increase and Impact
strength decreases.

With broad distributions such as In the bimodal blends, the properties
will be determined by the dominant component, If It ls a high-molacular-
welght resin (which ls more reactive) this network w!il| dominate, Tq will
be low, perhaps because the initlal fast reactlion ylelds a rather weak
network. At Intermediate concentratlons, a Judiclous balancing may oceur,
and propertles may be governed by the low=-molecular-welght component.

Although this discusslon Is clearly speculative, [t does explaln
some of the behavior noted, and suggests |deas capable of testing In the
laboratory,
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. SECTION IX
I CONCLUSIONS AND RECOMMENDATIONS

A, Model Networks
a. Concluslions:
" Based on research 1o date, the followlng conclusions muy be made:
(1) The Miliar IPN networks exhlbl*t & dlstinct segregation from
esch other. The first syntheslzed network Is more continuous (n space

than the second syntheg!zed network. Electron mlcroscopy shows that
the domains are 60-100R In slze,

i (2) The results of the polyityrene/polystyrene Mi|lar IPN's

f study bear strongly upon many types of ordlinary single networks, such

: as the thermoset plastics, The results suggest thet the flrst portions:
{ ot any polymer to reach the gelation stage (when polymerized and cross=
- linked simultaneous|y) may be more contlinuous In space than (accldently)
! later portlons, |f the kinetlcs of polymerization and crosslinking

{ differ slightly, the dritt In compos!tion w!l| have signlflcant effects
' on mechanical properties such as creep.

PRI S e S D S

{ : b. Recommendations for Further Work:

i (1) The findings for the PS/PS MlIllar IPN's should be veritled
by cther experiments, and broadened In scope. Careful exper!ments, such
as Interruption of a single network synthesis, altering the cross!inker
concentration, and completion of the polymerlzation ought fo be carried
out, as such experiments w!ll elucidate the nature and extent of domalin

é sgparation,

} (2) The relatlonship betwaen Millar (PN's and thelr raspective

: homopolymors needs exploration, Exactly what Is the extent of

) segregation between early and late polymerized polymer In a single

network (or thermoset plastic) synthesls? - . )
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B, Epoxy Networks . o
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a, Concluslons:

Based on researrch so far, the followlng conclusions may Lo mndo:

(1) Satlisfactory experimental technlques have been developed for
the synthesls of blsphencl=A=~epoxy/MDA and blsphenc!-A=epoxy/polyamide
resins wlth the following varlations In crossiinking: varlable M. (by
' changlng stolchlometry or molecular welght of the epoxy); and varlable
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distribution of M. by blending epoxies of diffaersnt molecular weights),
Attainment of essentlally compiete curing has been domonstrated.

(2) Standard technlques have been used to determine the following:
stress-strain behavior; viscoelastic response (using the Rhesovibron
elastoviscometer); stress relaxatlon; swelllng; responss to dlfferential
scanning calorimetry; and morphology (using high=resoiutlion electron
microscopy by replica and transmlisslon technliques, and scanning electron
microscopyl. Also, a standard fatligue fracture technlque was successfully
modified to conveniently determine the quasi-static fracture toughness
and fatlgue crack propagation rates as a functlon of stress intensity
factor range and any other fatigue variables of interest.

(3) Thus a precise basellne of viscoelastic and fracture response
has been astabllished for use In comparing the effects of any desired
variation In compos!tion or network structure.

(4) Viscoelastlc responses are usually weli=behaved functions of
Mc In typlcal epoxy systems. Various viscoelestic parameters depend iIn
a quite regular fashion on Me whether a glven value of M. Is mchieved
by changing stoichiometry or by changlng the molecular weight of the
epoxy ~ the latter correlation belng apparently new. As the degree of
crosslinking s increased the followinj parameters are Increased In
conformlty with expectation: T, (or T,) Tg, the rubbery modulus, the a and
B transitions, and the creep rg+arda+ oh tlme. MHowever, the absclute
values of T, are hlgher than raported by others using similar curlng
conditions,™ The followlng parameters are decreased by Increasing cross-
Iinking: the magnltude of tan & at Its maximum value near T,; and the
slope of the modulus-temperature curve at T,. In the case gf the
transltion slope, the relatlionship depends gn whather or not the amlne
or epoxy ls In excess, Quantltative correiations were made for series
E resins between M. and Tg. Young's modulus, rubbery modulus, and tan

Smays These correlations Should be of Interest for the convenient
chafacterization of Meo

(5) The swellling ratio and the soluble fraction are systematlcally
decreased by increased cross!linkling, as expected, though results are
more variable than the vlscoelastic results. Swe!ling tests were also
more difflcult to perform than viscoelastic or mechanical tests.

(6) In general, broadening the dlstribution of M, at constant
average M had no slgniticant effect on sweliling or viscoslastic response.
However, possibly slignlflcant varliations were noted In swelling and In
the slope of the modulus-temperature curve for blends of epoxies with
widely differing molecular welghts. In one particular blend, T4 and the
retardation Time were significantly lower than for control specimens,
oven though no evidence for incomplete curing was found.

{(7) Thus, unless a distribution of M, Is very broad, viscoslastic
behavior Is determined by M., whether a giver M. Is obtalnad by changing
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stolchlometry or prepoiymer molecular weight, Thus testing for M. should
characterize viscoelastic responses rather well. Indeed, excelient
correlations were obtained commerclal resins betwesn M, and T,, Young's
modulus, rubbery modulus, tan 8,.., and creep retardation tImd 7, Slince
Tg can ba obtalned very qulckly gy a varlety of tests, and slince both

Tq and © are very sensitive to M, use of these parameters In routine
#gsflng fcr conslstency of epoxy viscoelastic behavlior is recommended.

(8) In contrast to results reported by others, fracture toughness,
Ke» 15 @ smooth, |linear function of the amine/epoxy ratlo from |ess=-than-
to greater-than-stoichlometric amine contents. All specimens are quite
brittie, with values of rangling from about 1.1 (excess of amine) to
0.6 (excess of epoxy) MPavm, The stress intensity factor range, AK,
required to drive a crack at constant veloc!ty under cyclic loading
behaves In a generally similar fashion, whlle the slope of the curves of
crack growth rate per cycle vs 4K also appears to be Independent of the
stolchlometry range of excess amine. (Untl} *hls study FCP behavior does
not appear to have been described as a tunction of composition.) Fracture
toughness |s also Increased by Increasing the prepolymer molecular welght.
Increasing the breadth of distribution In M. has |ittle or no effect,
except In one case of an excaptionally broaa (presumably bimodal)
distributlon, which showed an exceptionally high K, - 1.5 (but an anomalous-
ly low Tg). :

(9) Curiously, Young's modull, tenslle strength, and elongations
(2% break) Increased as stolchlometry deviated from an equailty of
functional groups, whlle Impact strength and erergy~to-break tended to
decrease. Modulus, Impact and tensile strengths were decreased by in-
creasing prepolymer molecular welght, Agaln an anomaly was noted with
very broad-distribution specimens, whose tensile strengths tended to be

|lower than those of the controls.

(10) Scanning and transmission electron microscopy (of etched
surfaces) revealad a varlety of morphological features, Including microgel
particies (~100 nm In s!ze), aggregates (40 um In size), and, In the
case of solld apoxy prepo!ymers, high=ciross!Ink=dens|ty skins around the
aggregates., The slzes of the largo agqregates varled with My; an
offect of M, on microgel slze was not established. Primery tests
showed that these features did not arlse from poor-mixing, but_must
have come about during curing. |t was also shown that the microgel - -
particlies are formed prior to the gal point,

(11) Based on the electron microscopic, viscoelastlc, and

ultimate mechanical property data, a model may be propcsed (similar In ﬁ
some respects to modals previously suggested by others, and different B
In others) to represent the curing of the resins. The model assumes ]

that microgels form, agglomerate, and undergo phase Inversion - with
Incluslon of material cross|inked after the gel polnt to give In effect
a type of interpenetrating network. Thls model could be used to explaln
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tentatively at |east some of the experimental facts, though further
testing and refinement |s certalnly called for, Interestingly, it was
possible to ratlonallze the conflicting trends In tensile strength and
fracture toughness by consldering conflicting trends in modulus, fracture
energy, and critical flaw size - calculated values for the latter
corresponding (perhaps fortultously well) to the order=-of=magnitude

s;zgs of the microgel aggregates. Agaln, this point requires further
SUY. )

b, Recommendatlons for Further Work:

(1) The relative Independence of most behavior on the distribution
of crosslinks per se should be tested using a new epoxy system which Is
free from some of the experimental ditflcultles associated with con=
ventlonal epoxy prepolymers, Thls system, already used by Labana et al,
in some prelimlinary studles, consists of a copolymer of methyl
methacrylate with glycidy/methacrylate. By changlng the copolymer
composition and polymerization conditlons we can vary the average spaciny
of epoxy groups and the prepolymer molecular welght independently.

Blends can readily be made for curing with an amine. Emphasis should be
placed on the more sensitlve properties such as fracture toughness,
creep, and Tg.

(2) Gradients In actual ep..., - ~~!n characteristics should be
simulated by providing a gradient of temperature or composition durling
curing. Thls may be done by techniques such as quenching surfaces or
casting layers of varlous stolchiometries together.

(3) The effect of cure temperuture and dlluents should be examlned
In more detall In both 1 and 2. Also, the kinetics of curing should be
studled In detall because of Its relatlonship to eventus! morphology.
Emphases should be on a statistical approach to functlonal group
react|vity.

(4) In all cases, the detelled morphotogy should be studled using
SEM and repllica €M, and varlable-time (and more selective) etching. The
slze, composition, distribution, phase continulty, and volume fractlon
of varlous components should be determined, and correlated w!th klnetics
of curing.

(5) The medsl proposed hereln should then be tested and refined by
developing a more complete plcture of the curing process and by learning
more about the relationships between the microgel particies and thelr
agyregates, and phase continuity, UltImately, the application of
quantitative composlte relatlonships Involving modulus, strength, and
phase continuity should be attempted.
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(6) In all cases, torsional creep relaxation should be compared b
R with tensliie creep to determine which is more sensitive to varlations
&f.‘ , In network structure per se, and to varlations In composition or cure
within a specimen.
' Results should be useful In (1) confirming what baslic network
' factors are important to the behavior of a crossiinked matrix or adhesive,
and (2) developing tests for uniformity within a glven resin specimen.
!
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